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1.1 Introduction 
During the last decades, recycling has become a „hot topic‟, not only 
involving household waste, but also industrial waste and by-products. 
Today‟s society is characterized by a high consumption and often limited 
lifecycles of certain consumables, resulting in an increasing demand for 
raw materials, but also enlarging waste volumes. Recycling offers an 
efficient solution for both of these problems and therefore, more and 
more materials are nowadays being recycled. 
The precious metals form a group of valuable raw materials characterized 
by a high demand. Because of their attractive chemical and physical 
properties, the precious metals have become indispensible in many 
industrial, medical and electronic applications, as well as for the 
manufacturing of automotive exhaust catalysts and fuel cells. Besides, they 
have since long been used for the production of jewelry. The increasing 
use of the precious metals and their rare natural occurrence have resulted 
in the necessity of their recycling. 
Precious metals can be recovered from various precious metals bearing 
materials, such as by-products from other non-ferrous industries or 
consumer and industrial recyclables. Examples of industrial by-products 
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are drosses, mattes and speiss from the Zn and/or Pb industry, anode 
slimes from the Cu industry or secondary leach concentrates (i.e. a 
precious metal containing concentrate obtained by leaching during ore 
processing) from precious metal refineries. Recyclables include spent 
automotive exhaust and industrial catalysts, electronic scrap (e-scrap, 
Figure 1-1), fuel cells, sweeps (defined as “dry, free-flowing, inorganic powders 
consisting of fine particles, homogenized and bearing economically significant precious 
metal elements (sometimes resulting from an incinerating process)” [Umicore, 2011]) 
and bullions (i.e. residues from smelting processes, containing 
economically viable amounts of recoverable elements, cast into ingots or 
blocks).  
 
Figure 1-1 Electronic scrap (e-scrap) 
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The precious metals refining (PMR) business unit of Umicore houses one 
of the world's largest precious metals recycling facilities. The analytical 
laboratory of Umicore PMR in Hoboken (Belgium) is responsible for 
determining the precious metal content in the incoming materials. Due to 
the high economical value of the precious metals, the quantification of 
their concentrations in recyclable materials typically needs to be carried 
out with high accuracy and precision. Figure 1-2 shows the evolution of 
the prices of platinum and palladium during the past ten years. The 
current price (January 2012) of Rhodium is 1373 USD/oz, but before the 
economical crisis it peaked at 9776 USD/oz and was at the time 
considerably more expensive than Pt.  
CHAPTER 1 – INTRODUCTION AND GOALS 
 
6 
 
 
Figure 1-2 Evolution of the prices (in US Dollar per troy oz, with one 
troy oz = 0.0311 kg) of platinum and palladium over the past ten years 
[Johnson Matthey, 2012] 
Umicore PMR recycles about 350,000 tons of raw materials per year. A 
difference of 1 µg g-1 in the platinum content corresponds to an 
economical value of approximately 13 million Euro, considering the 
current platinum price [Johnson Matthey, 2012]. A common approach to 
determine the precious metal concentrations in the samples to be recycled 
involves the combination of lead fire assay, subsequent cupellation of the 
resulting lead button, a series of wet-chemical treatments and final analysis 
by inductively coupled plasma - optical emission spectroscopy (ICP-
OES). More detailed information on this fire assay and cupellation 
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procedure is given in Chapter 2. The application of solid sampling 
techniques to the lead button obtained after the first step of this 
procedure will highly reduce the analysis time and therefore increase the 
sample throughput and enhance the efficiency of a routine lab. Moreover, 
the risk of analyte losses or contamination during the sample treatment 
will be decreased. As the use of hazardous chemicals is prevented by 
application of solid sample strategies, they can be considered as “green 
chemistry” strategies, currently a hot topic due to increasing 
environmental concerns. Several solid sampling approaches have already 
been investigated to determine the precious metal content in lead buttons 
obtained by fire assay [Vanhaecke, 2004] [Resano, 2006] [Resano, 2007] 
[Vanhaecke, 2010]. Spark-OES is often the method of choice, considering 
its sufficient precision (≤ 5% relative standard deviation) and ease of use. 
Unfortunately, the limits of detection provided by spark-OES, especially 
for Au and Pt, are often not sufficiently low for some applications, 
[Resano, 2006]. Glow discharge techniques reach similar precision, but the 
rather expensive combination with a double-focusing sector field mass 
spectrometer is needed to deal with the spectral overlap of the 206Pb2+- 
and the 103Rh+-ion [Resano, 2006]. Finally, also laser ablation - ICP - mass 
spectrometry (LA-ICP-MS) was proven to be a successful approach, 
resulting in accurate results with medium precision (≤ 10% relative 
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standard deviation) in case of nanosecond laser pulses [Vanhaecke, 2004] 
or higher precision (≤ 6% relative standard deviation) in case of 
femtosecond laser pulses [Vanhaecke, 2010]. 
This work further explores the field of solid sampling techniques for 
direct analysis of lead buttons obtained by fire assay for their precious 
metal concentrations and critically assesses the capabilities and limitations 
of novel approaches. 
 
1.2 Goals 
The main goal of this work was to test, evaluate and compare different 
solid sampling techniques for accurate and precise precious metal 
determination in fire assay lead buttons as an attempt to increase the 
efficiency of the analysis of recyclable precious metal containing raw 
materials. Different pitfalls that can hamper accurate and precise analysis, 
such as the homogeneity of the lead button and the calibration strategy 
used, were thereby investigated. 
A first theoretical chapter (Chapter 2) discusses the discovery, occurrence, 
properties and applications of the precious metals, together with a 
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description of one of the most commonly used methods for extraction of 
the precious metals from various materials, the lead fire assay procedure. 
The next chapter (Chapter 3) describes and critically evaluates different 
solid sampling techniques that can be applied for the analysis of metallic 
samples, for bulk and/or spatially resolved analysis. 
The results obtained by solid sampling techniques are influenced by the 
homogeneity of the sample analyzed, depending on the technique to a 
higher or lesser extent. Therefore, a homogeneity study was performed, 
evaluating the distribution of the precious metals within lead buttons 
obtained after a fire assay procedure (Figure 1-3). Additionally, the 
influence of inductive melting and centrifugal casting, endeavoring a 
higher degree of homogeneity, was examined. Also differences between 
cross-sections, elements and samples are evaluated in Chapter 4. 
 
Figure 1-3 Lead button obtained after fire assay 
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LA-ICP-MS was demonstrated to be a successful approach for precious 
metal determination in lead fire assay buttons when using external 
calibration against matrix-matched standards. The application of isotope 
dilution (ID) [Heumann, 1992] as calibration method should be an even 
more robust approach, due to a better correction for matrix effects and 
other sources of changes in the instrument sensitivity. Therefore, more 
accurate and precise results should be obtained. Chapter 5 reports on the 
evaluation of the application of isotope dilution (for the multi-isotopic 
precious metals) and single standard addition and the internal standard 
method (for the mono-isotopic precious metals) in the analysis of lead 
buttons obtained by fire assay using LA-ICP-MS as an attempt to improve 
and evaluate the ultimate accuracy and precision of the analytical method. 
If very low limits of detections are not strictly required, laser ablation in 
combination with ICP-OES might be the method of choice for the 
determination of precious metals in fire assay lead buttons. This approach 
was therefore investigated, involving lead buttons prepared by fire assay 
of automotive exhaust catalysts. These samples have a higher content of 
precious metals, leading to lead buttons with higher precious metal 
concentrations, making them well suited for LA-ICP-OES analysis. The 
capabilities of LA-ICP-OES for the determination of Pd, Pt and Rh in fire 
assay lead buttons of automotive exhaust catalysts are evaluated in 
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Chapter 6. Moreover, also the figures of merit of the method developed 
are discussed and critically evaluated. 
Finally, also the merits of a pulsed radiofrequency (rf) glow discharge 
(GD) coupled to orthogonal time-of-flight mass spectrometry (TOFMS) 
were assessed in this context. The time-resolved separation of analyte 
signals from background signals provided by this approach renders 
discrimination against certain spectral interferences possible [Klingler, 
1990] [Klingler, 1991] [Steiner, 1997]. More information on the outcome 
of this study is given in Chapter 7. 
The dissertation is finally complemented with a “Summary and 
conclusions” section, both in English and in Dutch. 
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2.1 Introduction 
The platinum group metals or PGMs constitute a group of six metals, 
platinum (Pt), palladium (Pd), rhodium (Rh), iridium (Ir), ruthenium (Ru) 
and osmium (Os), and together with silver (Ag) and gold (Au), they are 
considered to be „precious metals‟. Increasing attention is paid to these 
metals because of their highly interesting physical and chemical properties, 
making them suitable to be employed in a wide range of industrial, 
medical, electronic and catalytic applications, as a result of which they are 
of high economical value. The precious metals play a crucial role in the 
next chapters of this work and therefore, an overview of their discovery, 
occurrence, properties and applications is given in this chapter, together 
with a description of one of the most commonly used methods for 
extraction of the precious metals from various materials, the lead fire 
assay procedure. 
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2.2 Discovery 
[Platinum Metals Review, 1957] [Hartley, 1991] [Pitchkov, 1996] [Griffith, 
2003] [Griffith, 2004] 
Whereas Ag and Au were both well known to ancient civilizations and 
were employed in ornamentation and for jewelry and other objects of art, 
the history of the other precious metals begins at a much more recent 
date. Pt was the first of the PGMs to be discovered, about 450 years ago, 
followed by the discovery of Rh, Pd, Ir and Os in the beginning of the 
nineteenth century only and Ru still about 50 years later. The following 
paragraphs attempt to tell the stories of their discovery in a brief way. 
Although sporadic traces of Pt have been found among the relics of the 
early Egyptian civilization, the first considerable amounts of Pt were 
found in a small area in the Choco district of the Spanish colony of New 
Granada, now the Republic of Colombia. The metal was a side-product of 
the extraction of Au and was usually thrown away. The first indication of 
the existence of Pt is to be situated in a region further to the north, in 
Honduras, and the first reference to it can be found in a book written 
about 450 years ago, by Julius Caesar Scaliger. At his death in 1558, Julius 
Caesar Scaliger was highly reputed in Europe for his scientific writings in 
the form of commentaries. His best known work „Exercitationes‟ is 
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commenting on the book „Subtilitate Rerum‟, which was written by the 
Italian mathematician and philosopher, Hieronimo Cardan. In chapter 88 
of his work, Scaliger refers to “a substance which it has not hitherto been possible 
to melt by fire”. He knew that this substance, undoubtedly Pt, was occurring 
in mines in Honduras. 
It was only in the beginning of the nineteenth century that William Hyde 
Wollaston and his friend Smithson Tennant reported on the existence of 
four other PGMs. During their experiments to produce malleable Pt from 
an alluvial Pt ore from New Granada (now Republic of Colombia), 
Wollaston noted that some black, insoluble substance remained after 
preliminary dissolution of the crude ore with aqua regia. The soluble part, 
which was later shown to contain not only Pt, but also Rh and Pd, was 
examined by Wollaston, while his collaborator Tennant investigated the 
insoluble black substance, which contained Ir and Os. The first official 
announcement of the discovery of a new metal by Wollaston was 
published in 1804, in which he described the discovery of “another metal, 
hitherto unknown, which may not be improperly distinguished by the name of Rhodium, 
for the rose-red colour of a dilute solution of the metal containing it” [Wollaston, 
1804]. The history of Pd starts in July 1802, when Wollaston first 
mentioned the discovery of a new metal “ceresium”, which he renamed 
later “palladium”, after the recently discovered asteroid Pallas. In 1805, 
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Wollaston released an official communication of his discovery, although 
he had already made several references to Pd in his 1804 paper on Rh. 
The symbols of the elements were suggested by Berzelius, R for rhodium, 
later revised to Rh and first Pl, then Pa and finally Pd for palladium. As 
mentioned above, Smithson Tennant was working on the black residue 
obtained from the crude Pt ore upon heating in aqua regia. He heated the 
residue with sodium hydroxide to red heat, cooled the melt and dissolved 
the resulting mass in water. By acidification of the solution, a white 
volatile oxide, undoubtedly osmium tetroxide (OsO4), was obtained, 
which was distilled off. Tennant called the newly discovered element 
“osmium” after the Greek osme (a smell) as a consequence of the 
characteristic odour of its tetroxide [Tennant, 1804]. When Tennant 
treated the black residue, obtained upon dissolution of the crude Pt ore in 
aqua regia, by several fusions and extraction with hydrochloric acid (HCl), 
he obtained a white powder which could not be melted. He called this 
metal “iridium”, after the Roman goddess Iris (goddess of the rainbow), 
thereby referring to the striking variety of colors of its salts.  
Contemporary to Tennant, the French chemists Antoine François de 
Fourcroy and Nicolas Louis Vauquelin were performing similar 
experiments. However, they admitted that Tennant‟s work had been 
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superior to theirs [Fourcroy, 1806] and Vauquelin therefore attributed the 
discovery of Os and Ir to Tennant [Vauquelin, 1814]. 
The isolation of the last PGM to be discovered, Ru, was performed by 
Karl Karlovich Klaus as reported on in 1844. The method was based on 
the precipitation of double salts of Ru and the precipitation of Ru from its 
chloride solution by means of zinc. Klaus called his newly discovered 
metal after Ruthenia, the Latin name for Russia, his motherland. 
 
2.3 Occurrence 
[Hartley, 1991] [Randolph, 1993] [Johnson Mattey, 2001] [Johnson 
Mattey, 2004] [Johnson Matthey, 2012] 
The PGMs comprise less than 2.10-6 weight% of the earth‟s crust, 
whereby Pt and Pd are found in the largest quantities. The relative 
abundances are estimated to be 0.0004 µg g-1 for Ru, Os, Rh and Ir and 
0.001 and 0.005 µg g-1 for Pd and Pt, respectively. The metals are present 
in ores as sulfides or are closely associated with base metals, such as nickel 
and copper. Most of the PGMs exploited worldwide originate from mines 
in the Republic of South Africa or from Russia, but also Canada, the US 
(Montana and Alaska) and Zimbabwe hold part of the world‟s main 
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resources. Finally, some minor producers are located in the Republic of 
Colombia, China and Western Australia. 
The largest PGM source is situated in the South African Bushveld 
Igneous Complex in Central Transvaal. This complex, enclosing three 
deposits, the Merensky Reef, the Platreef and the Upper Group 
Chromitite 2 (UG-2) reef, was discovered by Hans Merensky and Andries 
Lombaard in 1924 and is responsible for 72% and 34% of the annual 
global production of Pt and Pd, respectively.  
Russia on the other hand, currently accounts for approximately 15% of 
the annual production of Pt and over 40% of the Pd production. Norilsk 
Nickel, located in the north west of Siberia, dominates the Russian PGM 
output and produces Pt, Pd and minor PGMs as a by-product of its 
copper-nickel mining. Another division of the Norilsk Nickel group is 
active in the exploitation of Au. 
In Canada, PGMs are also produced as by-products of nickel and copper 
mining, concentrated in the Sudbury Basin in central Ontario, the Raglan 
nickel mine in the far north of Quebec and a nickel complex in Manitoba. 
In all of these deposits, Pd is the predominant PGM. The only primary 
PGM source in Canada is the Lac des Iles mine, situated in western 
Ontario and essentially a Pd mine. 
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US resources of the PGMs are confined to the Stillwater and East Boulder 
mines, located west of Nye, Montana. The metals are extracted there from 
the J-M (Johns-Manville) Reef, which yields Pd for approximately three-
quarters of the total amount of PGMs extracted, with the rest mainly Pt. 
The Goodnews Bay alluvial deposits of metallic Pt in Alaska was exploited 
between 1927 and 1982, but nowadays, extraction is no longer performed 
in this region. 
The Great Dyke, a geological feature situated in the heart of Zimbabwe, 
has long been seen as a significant PGM source, but early attempts at 
mining were generally unsuccessful, leaving the small Mimosa mine as 
Zimbabwe‟s only primary PGM producer. Recently, new mines like the 
Hartley Platinum Project and the Anglo American‟s Unki project have 
opened in order to expand Zimbabwe‟s PGM production. 
Other regions yielding small quantities of PGMs include the Choco 
district in the Republic of Colombia, China and Western Australia. 
Further exploration of potential PGM sources are being conducted in 
many parts of the world, however, few of these are able to produce 
considerable amounts of the metals. 
Silver is present in nature in its native form or in ores, such as argentite 
(Ag2S) and chlorargyrite (AgCl). It is also obtained as a by-product from 
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lead, lead-zinc, copper, gold and copper-nickel mines. Over 22,000 tons of 
silver was produced from mining in 2010, whereby Mexico, Peru, China, 
the US and Australia host the principal silver production sites [CPM Silver 
Yearbook, 2010] [Lide, 1991]. This amount covers approximately 70% of 
the total annual production, while the other 30% was obtained by 
recovery from Ag-containing recyclable materials. 
Gold occurs in nature as the free metal and in tellurides, mostly associated 
with quartz or pyrite. South Africa used to have world‟s largest production 
of gold from mining, until China took that position from 2007 on 
[Mandaro, 2008]. Of all the gold produced in 2011, approximately 80% 
was produced from mines, while 20% was recovered from recyclable 
materials. Also the world‟s oceans contain a very low amount of gold, 
varying between 0.1 and 2 mg ton-1, depending on the location. 
Recovering gold from sea water, however, has never been found 
profitable [Lide, 1991].  
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2.4 Physical and chemical properties 
[Bond, 1968] [PSE, 1990] [Hartley, 1991] [Rao, 2000] 
All of the PGMs are silvery white lustrous metals, except for Os, which 
has a rather bluish grey color. For Ag and Au, the color is self-evident. 
The precious metals are shown in Figure 2-1. 
 
 
Figure 2-1 The precious metals [Umicore, 2012] 
PGMs can be drawn into wire, rolled into sheet or formed by spinning 
and stamping, as they are all sufficiently ductile and malleable. Some 
important physical properties of the PGMs, Ag and Au are summarized in 
Table 2-1; some characteristics are critically dependent on purity. From 
the table, it can be concluded that all displayed metals are characterized by 
platinum palladium rhodium iridium 
ruthenium osmium gold silver 
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a high melting point and a relatively high first ionization energy. The 
thermal conductivity of Ag and Au is remarkably higher than that of the 
PGMs, while their electrical resistivity is considerably lower, which is 
reflected in their applications.  
One of the most outstanding chemical properties of the precious metals 
and especially the PGMs, is undoubtedly their catalytic capability. When 
comparing the catalytic properties of Ag and Au with these of the PGMs, 
the differences are specifically marked in hydrogenation and other similar 
reactions. While Ag and Au are totally unable to activate hydrogen and 
thus, to catalyze reactions involving hydrogen, Pt and Pd are among the 
best known hydrogenation catalysts. This difference can be explained by 
the different electronic properties of the PGMs compared to Ag and Au. 
The latter metals do not have incomplete d-electron bands, which are 
indispensible to stabilize the intermediate weakly-held structure during 
hydrogen chemisorption.  
In some rare cases, such as the decomposition of hydrogen peroxide, Ag 
and Au are more active due to their ability to act as an electron-donor. Ag 
is also used on a large scale for the oxidation of ethylene and methanol. 
When looking at other chemical properties of the elements considered, 
the ease of oxidation is an important parameter. For the PGMs, the 
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relative order reflecting the reactivity with oxygen is Os > Ru > Ir > Rh > 
Pd > Pt. Os can be oxidized at room temperature in its powdered form, 
thereby yielding the volatile tetroxide, characterized by its specific smell. 
However, bulk Os metal is not oxidized below 400°C. Ru requires a 
temperature above 600°C to promote oxygen attack, resulting in a dioxide 
film protecting the metal for further oxidation until much higher 
temperatures are reached. Ir and Rh have a higher resistance to aerial 
oxidation, while only at a temperature of 700°C, Pd is oxidized to 
palladium(II)oxide. Pt is not oxidized in air at any temperature [Lide, 
1991]. The principal oxidation states of the precious metals are also 
mentioned in Table 2-1.  
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Table 2-1 Physical and chemical properties of the PGMs, Ag and Au [The PGM Database] [PSE, 1990] 
Property Unit Ru Rh Pd Ag Os Ir Pt Au 
          
Atomic number 
 
44 45 46 47 76 77 78 79 
Relative atomic weight 
 
101.07 102.91 106.42 107.87 190.20 192.22 195.08 196.99 
Density at 20°C g cm-3 12.30 12.40 12.02 10.50 22.48 22.42 21.45 19.28 
Melting point °C 2427 1963 1554 961.9 (2727) 2454 1772 1064 
Boiling point at 1 bar °C 4119 3727 2940 2164 (5500) 4389 3824 2808 
1st ionization energy eV 7.37 7.46 8.34 7.58 8.70 9.10 9.00 9.23 
Thermal conductivity at 25°C W m-1 K-1 117 150 72.8 429 87.6 147 71.6 318 
Electrical resistivity at 0°C µΩ cm 7.1 4.3 10 1.5 8.1 4.7 9.8 2.1 
Principal oxidation states  
+III, 
+IV 
+VI, 
+VIII 
+III 
+II, 
+IV 
+I 
+III, 
+IV 
+VI, 
+VIII 
+III, 
+IV 
+II, 
+IV 
+I, +III 
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2.5 Applications 
[Johnson Matthey, 2012] [Umicore, 2012]  
One of the major consumers of Pt, Pd and Rh is definitely the automobile 
industry, where these metals are used for the production of automotive 
exhaust catalysts, enabling the exhaust levels of harmful pollutants like 
carbon monoxide (CO), incompletely combusted hydrocarbons (HC) and 
nitrogen oxides (NOx) to be diminished [Kallmann, 1980] [Shelef, 2000]. 
The catalytic converter will facilitate certain oxidation and/or reduction 
reactions, transforming these contaminants into carbon dioxide (CO2), 
water (H2O) and nitrogen (N2) [Moldovan, 2002]. The PGMs are coated 
on a metal or ceramic base, shaped into a fine honeycomb, as shown in 
Figure 2-2. Furthermore, automotive oxygen and NOx sensors, part of the 
emission control system, also contain Pt and often Rh. 
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Figure 2-2 An automotive catalytic converter [Umicore, 2012] 
Already since one century, Pt-based catalysts are used in the commercial 
manufacturing of nitric acid, more specifically during the first stage of the 
production process, wherein ammonia gas is oxidized into nitric oxide. To 
enhance the conversion efficiency of this reaction, ammonia gas is carried 
out over a Pt-Rh catalyst in the shape of a fine wire gauze. Other 
industrial applications involving the use of precious metals include 
petroleum refining and silicones production. Pt, or sometimes also Ir, acts 
as active agent during reforming and isomerisation of low octane 
petroleum naphtha to higher octane components for high-quality gasoline 
and a limited number of refiners employ Pd in a process known as 
hydrocracking to upgrade certain refinery feeds. When a Pt compound is 
added to a silicone mixture, it catalyses the cross-linking process and 
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therefore, the use of Pt results in silicone products with the desired 
properties. The glass industry often uses Pt, Pt-Rh and Pt-Au alloys, and 
recently also Ir, for protection of a variety of components and ceramic 
substrates from erosion by molten glass and corrosive vapors during glass 
manufacturing [Couderc, 2010]. Due to their high melting points and 
superior resistance to corrosion, these metals are perfectly suited for this 
application. A stirrer used during glass making, built of Pt-Rh sheet is 
depicted in Figure 2-3. Another application resulting from the high 
melting point and resistance to chemical attack, especially of Ir, is the 
production of crucibles used in the production of high purity single 
crystals of various metal oxides. 
 
Figure 2-3 Stirrer for molten glass, manufactured from Pt-Rh sheet 
(design from Füller Glastechnologie Vertriebs-GmbH) [Couderc, 2010] 
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In 2010, about 5 tons of Pt are estimated to have been used in 
(bio)medical devices, including pacemakers, implantable defibrillators, 
catheters, stents and neuromodulation devices [Butler, 2010]. The high 
demand for Pt for medical applications is a result its high 
biocompatibility, inertness within the body, durability, electrical 
conductivity and radiopacity [Cowley, 2011]. An implantable cardioverter 
defibrillator, with the components made from Pt or other PGM alloys 
indicated, is depicted in Figure 2-4. In addition to the manufacturing of 
medical devices, precious metals are also frequently used in dentistry, 
where Au-rich alloys and Pd-based alloys are applied for dental treatment 
[Butler, 2010]. Besides, dental crowns and bridges mostly consist of an 
alloy of Pt and Pd, mixed with Au or Ag, as well as copper or zinc, 
sometimes with superaddition of small amounts of Ir and Ru. The ability 
of Pt, in certain chemical forms, to inhibit the division of living cells is 
one of its most remarkable and unexpected properties [Rosenber, 1965], 
which has led to the development of Pt-based drugs [Wiltshaw, 1979] to 
treat a wide range of cancers. Annually, over 700 kg of Pt is used in anti-
cancer drugs [Butler, 2010], including cisplatin for the treatment of 
testicular cancer and carboplatin for treatment of other common tumors. 
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Figure 2-4 An implantable cardioverter defibrillator,  
showing the components made from PGMs [Cowley, 2011] 
In our continuously evolving digital age, more and more electronic and 
computational devices are developed to enhance people‟s daily life quality. 
This implies the necessity of high quality and special-featured raw 
materials, like the precious metals. Pt, and more recently also Ru, are used 
for the magnetic storage of data on hard disks [Platinum Metals Review, 
2010], while Pd-containing components are present in almost every 
electronic device because of palladium‟s high electrical conductivity and 
durability. 
Fuel cells generate electric power by combining hydrogen (the fuel) and 
oxygen (from air) with the aid of a Pt catalyst. Contrary to a battery, 
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recharging is redundant when supplied with fuel. Moreover, they also 
operate in silence without any moving parts. Several types of fuel cells are 
available, but the type receiving the most attention is the proton exchange 
membrane (PEM) fuel cell. These devices are capable to generate 
electrical power for buildings, portable devices or vehicles. Until now, the 
high cost is the largest barrier that hampers fuel cell commercialization, 
but research is ongoing to improve their efficiency and lower their price. 
Because of the high resistance against scratching and tarnishing, melting 
range, low reactivity and good workability, alloys containing precious 
metals are perfectly suited to make jewelry and watches. Probably this is 
one of the oldest applications of precious metals. 
Finally, precious metals, as coins or bars, have always been a means of 
investment as a result of their attractive unchanging characteristics. The 
high density of the precious metals makes them compact and fairly 
portable and thus easy to store. 
Many of the precious metal containing materials mentioned above can be 
recycled at the end of their lifetime. Umicore PMR is world leader in 
precious metals recycling, recovering precious metals from end-of-life 
materials. The loop is closed by transforming the recovered metals back 
into high-tech materials.  
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2.6 Lead fire assay to extract precious metals 
[Beamish, 1972] [Parry, 1992] 
The isolation of precious metals from their ores or recyclable materials is 
hampered by the low concentration of the metals in these sources and the 
presence of many other elements at considerably higher contents. The 
classical method to perform this isolation is the lead fire assay method, 
whereby the precious metals are quantitatively dissolved and extracted 
into molten lead. Fire assay is defined as “the quantitative determination 
of metals in ores using heat and dry reagents” and is in fact a reducing 
fusion, by a dry flux, enabling the sample to be molten at a reasonable 
temperature. This approach has been used for hundreds of years, mostly 
for the collection of Au and Ag, but since 1960, it is considered to be the 
best approach for the collection of PGMs as well. Fire assay fusion in 
general has a lot of advantages compared to other pre-concentration and 
determination methods, such as flexibility and ability to handle larger 
amounts of samples (up to 50 g). However, some experience is required 
before mastering the necessary skills and knowledge. Besides, a trial assay 
is often recommendable for totally unknown samples to select the 
optimum method and analysis time is increased compared to direct 
methods. The next paragraph describes the procedure and characteristics 
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of fire assay with lead as a collection medium. Other types of fire assays 
are also being applied to extract the precious metals from different kind of 
materials, e.g., nickel sulfide or copper, but were not used in the context of 
this work. 
Before performing the real lead fire assay, a pre-treatment of the sample 
can be necessary depending on the composition of the sample. The pre-
treatment implies the removal of disturbing elements, like carbon, 
selenium or base metals, especially when they are present in substantial 
quantities. In a next step, the sample is brought into a crucible together 
with the flux agents to undergo the real fire assay. Important here is that 
the samples must be in an sufficiently fine state of division and need to be 
thoroughly mixed with the flux agents to ensure the intimate contact of 
each sample particle with the melting flux particles. The fusion mixture 
for lead assay usually contains litharge (i.e., PbO), sodium carbonate, 
anhydrous borax and potassium hydrogen tartrate. By heating the mixture 
to 1100°C, the litharge is reduced to molten lead by means of the 
potassium hydrogen tartrate, which acts as the reducing agent. 
Alternatively, other organic reductants, such as flour, sugar, starch, 
charcoal, etc. can be employed. Sodium carbonate or “soda ash” forms 
sodium silicate in the presence of silica (from the sample) that 
subsequently reacts with a variety of basic oxides to complex silicates. The 
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benefit of adding borax to the assay flux is that it lowers the fusion point 
of slags and enhances the dissolution of oxides of the base metals 
associated with the precious metals in the sample. After certain time, the 
generated borosilicate slag is floating on top of the molten lead and the 
precious metals are extracted into the lead layer. The hot melt is then 
decanted, resulting in a small lead button after cooling down. 
Traditionally, the next step is cupellation, a process in which the lead 
button is placed in a porous magnesia cupel in a furnace at approximately 
1000°C. During this treatment, part of the lead is volatilized and the other 
part is oxidized and drawn into the cupel. A small metal bead is now 
remaining, containing the precious metals from the original sample. A 
variety of wet-chemical procedures can subsequently be applied to 
separate and quantitatively determine the precious metals, resulting in the 
concentrations of the precious metals in the original sample. 
Lead fire assay is perfectly suited for the determination of Ag, Au, Pt and 
Pd, however for Rh, the cupellation must be interrupted prior to total 
removal of the lead in order to avoid losses of the metal. Ir, Ru and Os 
are not quantitatively extracted during the melting procedure [Suominen, 
2004], whereas the alternative nickel sulfide (NiS) fire assay does enable 
total leaching. Collection by lead assay is still the most applied fire assay 
method worldwide, because it is less time-consuming and costly than the 
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alternative NiS fire assay method and in addition, the use of the 
carcinogenic and allergenic reagent Ni is prevented. 
 
2.7 Outlook 
Since their discovery, the precious metals are gaining popularity owing to 
their use in a broad range of industrial, medical, electronic and catalytic 
applications as a result of their remarkable physical and chemical 
properties. PGM research increased by 73% from 1998 to 2008 [Gavin, 
2010], illustrating the exponential development of precious metals - based 
applications. The continuously growing market, the fast development of 
advanced medical treatments and the commercialization of fuel cells will 
only enhance the precious metal consumption even further. This 
increasing demand of precious metals results in growing concerns about 
their long-term availability and therefore encourages the research for 
innovative metal recycling technologies. Improved recycling can make a 
crucial contribution to guaranteeing a sufficient supply of precious metals 
at affordable prices. 
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3.1 Introduction 
The analytical chemist of today desires precise and accurate results, 
obtained within a minimum of time and with a minimum of effort and the 
introduction of solid sampling techniques can potentially fulfill this 
demand. Research in analytical spectrometry has therefore been more and 
more focused onto these techniques during the last decades. Direct 
analysis of a solid sample shows many advantages compared to sample 
dissolution methods. One of the main benefits is the shorter lead time, as 
the typically time-consuming and labor-intensive sample dissolution is 
avoided. As a result, the risk of analyte losses or contamination from 
reagents or the lab environment during sample treatment is reduced. 
Moreover, the use of many hazardous and corrosive chemicals, necessary 
to dissolve the sample is redundant, which renders the approach more 
environment-friendly and less expensive. In terms of analytical figures of 
merit, better limits of detection are obtained because there is no dilution 
effect, inherently present when converting a solid sample into a solution. 
Depending on the solid sampling technique applied, advantages can also 
include the possibility to obtain spatially resolved information on the 
analyte distribution within the sample, potentially important information 
that is lost with sample dissolution. For some specific applications, 
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whereby dissolution of the sample is out of the question or sample 
damage should be reduced to a minimum, the use of a solid sampling 
technique is also preferred. However, also some disadvantages are 
attached to solid sampling analysis, such as the poorer precision that is 
usually obtained compared to approaches involving dissolution. Although 
the remark must be made here that the poorer precision of solid sampling 
techniques could be partly attributed to inhomogeneities in the analyte 
distribution. Another drawback of solid sample introduction is that matrix 
separation is not possible, leading to increased matrix effects and a higher 
chance of interferences caused by the matrix compounds. However, the 
largest obstacle encountered when dealing with solid sampling techniques 
is the calibration, which might be rather challenging, especially for 
samples having a complex matrix composition. Appropriate matrix-
matched standards are not always available and in this case, alternative 
calibration strategies need to be developed. The latter can include in-
house preparation of solid standards or non-matrix matched approaches, 
such as solution-based calibration or calibration by the use of “general” 
solid standards with a non matrix-matched matrix (e.g., NIST SRM multi-
element glasses). Isotope dilution has also been reported as a promising 
tool for calibration by mass spectrometric techniques [Boulyga, 2004] 
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[Fernandez, 2008], however, this approach still needs more detailed 
investigation to fully exploit its possibilities and recognize its limitations. 
A wide range of solid samples have already been examined, in the context 
of geological (e.g., rocks, speleothems) [Treble, 2005] [Leite, 2011], 
archeological (e.g., metallic objects, ancient glass) [Mantler, 2000] 
[Giakoumaki, 2007] [Resano, 2010], biological (e.g., animal tissue, otoliths) 
[Resano, 2006] [Gholap, 2010] [Lord, 2011] and medical applications or of 
high-end industrial products (e.g., polymers, coatings, glass, alloys) 
[Marcus, 1994a] [Resano, 2005] [Fliegel, 2009] [Lobo, 2010], by one or 
more solid sampling methods. This chapter concentrates on the solid 
analysis of metallic samples in particular, including both pure metals and 
alloys. Metals are distinguished from other solids by their high electrical 
and thermal conductivities [Rogers, 1951], two important properties that 
have an important influence on the choice of an appropriate analysis 
technique. Compared to geological samples, like rocks or ores, metals and 
alloys have a more homogeneous composition, allowing rapid and 
accurate bulk analysis. Moreover, their simple matrix composition 
facilitates the production of matrix-matched standards for calibration. 
Therefore, metallic samples seem easy to deal with compared to other 
solid materials, however, there are still some challenges to cope with, such 
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as the occurrence of thermal effects on the metal surface during laser 
ablation. 
This chapter describes and critically evaluates different solid sampling 
techniques that can be applied for the analysis of metallic samples, for 
bulk and/or spatially resolved analysis. First, spark source is reported on 
as means of sample introduction, followed by glow discharge techniques 
and next, laser ablation. In addition, several other possible, but sometimes 
less suitable, approaches are briefly reviewed. 
 
3.2 Spark source techniques 
[Bacon, 1984] [Gunther, 1999c] [Ingle, 1988] [Ramendik, 1988] 
A spark source implies the use of an electrical discharge between an 
electrode and a conducting sample to remove material from the sample 
surface. Because of the high energies transferred to the sample, surface 
material is (partially) vaporized, excited and/or ionized. By its 
introduction in 1934 by Dempster [Dempster, 1935] [Dempster, 1936], 
the spark source (SS) was intended as an ion source for mass 
spectrometric analysis of solids. The first commercial spark source mass 
spectrometer (SS-MS) became available in 1958 [Craig, 1959], but SS-MS 
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has never become a routine analytical technique, because of its complex 
and expensive instrumentation. Besides, analysis is time-consuming and 
highly trained operators are required to handle the instrument and the 
development of the glow discharge (cf. section 3.3) and inductively 
coupled plasma as ion sources has ousted the application of spark sources 
for mass spectrometry. However, spark ablation has been used very 
extensively in combination with detection by optical emission 
spectrometry. Many industrial metallurgical laboratories still use spark 
sources for optical emission spectrometry (SS-OES) analysis or as a 
sampling device combined with ionization in an inductively coupled 
plasma (ICP, cf. section 3.4) [Coedo, 1992] [Coedo, 1993] [Randolph, 
1993] [Resano, 2006]. 
 
Critical evaluation of the capabilities of spark sources  
One of the strengths of SS-MS is the capability of multi-elemental analysis 
with only a limited amount of sample (approximately 25 mg). 
Unfortunately, the long analysis time, complex instrumentation and high 
cost are making this technique less attractive for routine applications. 
Besides, a poor precision of the analyte signals is observed because the ion 
production during the discharge is irreproducible. 
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Spark source systems combined with optical emission detection are able 
to provide rapid results with sufficient precision. Further improvement in 
precision (≤ 5% RSD) is accomplished when the electrode surfaces are 
conditioned by pre-sparking prior to the start of exposure [Mossotti, 
1970]. The intermittent nature of the spark and the resulting time-
dependent atomic emission makes the spark source a complicated 
excitation source. Matrix effects are often observed because of this 
complexity in combination with inhomogeneities associated with many 
solid samples. This requires matrix matching of the standards used if 
external calibration is performed. 
Spark ablation requires conductive materials to be sampled, which must 
often be machined into the proper shape to serve as an electrode. Sample 
pre-treatment of metals might only need manipulation of the surface to 
render it flat, while powders of non-conductive samples need to be mixed 
with conductive material (mostly graphite) and pressed into pellets before 
analysis. Another drawback of spark sampling is that accurate spatially 
resolved analysis is not possible. Of course, differences between the front 
and back side or left and right side of one sample can be observed if 
present, but spark sources are mostly used for bulk analysis. 
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The application of spark sources for the analysis of metallic samples 
Metals lend themselves ideally to be analyzed by a spark source due to 
their high conductivity. However, because they are analyzed as such, 
internal standards cannot be introduced into the sample and therefore an 
appropriate matrix element (if available) should be utilized for this 
purpose. Still, most applications using spark source, involve the analysis of 
metallic samples. Spark-OES is an extensively used technique for metal 
analysis in many industrial applications, both in the ferrous and the non-
ferrous industry. Examples are the analysis of Al, Ni, Fe, Cu, Zn, Pb and 
their alloys [Spectro, 2012], in contexts from production control to R&D, 
from incoming material inspection to scrap sorting. Spark-OES 
instruments are even integrated in fully automated systems in major 
production plants of primary and secondary metal producers, like steel 
works, copper and aluminum smelters and refiners and cast iron and iron 
foundries [Spectro, 2010]. 
 
Outlook 
The availability of modern excitation and ionization sources has pushed 
the spark source into the background, at least for research purposes. 
However, this technique is still attractive for certain applications, 
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especially when a multi-element survey for which the accuracy of the 
technique is sufficient is required. Spark sources, mostly in combination 
with OES, are therefore still extensively used for a wide range of 
applications in the ferrous and non-ferrous industry and in the future, 
they will be increasingly integrated in fully automated systems. 
 
3.3 Glow discharge techniques 
[Harrison, 1988] [Winchester, 2004] [Hoffmann, 2005] [Jakubowski, 2007] 
[Pereiro, 2011]  
Glow discharge (GD) plasmas have gained importance as atomization, 
ionization and excitation sources for solid samples and can be coupled to 
an optical emission spectrometer (GD-OES) or to a mass spectrometer 
(GD-MS). A glow discharge is an electrical discharge between two 
electrodes, mostly generated in a noble gas (the discharge gas) atmosphere 
at reduced pressure (0.1 – 10 mbar). In most cases, the sample is acting as 
the cathode, whereby the voltage is applied to its back or front site. The 
voltage applied ranges from 100 V to several kV, with currents in the mA 
range, and causes breakdown of the discharge gas (e.g., Ar or He) to form 
electrons and positive ions, which are accelerated towards the oppositely 
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biased electrodes. Figure 3-1 represents the processes occurring at the 
cathode side for a glow discharge plasma under Ar atmosphere. Positive 
argon ions are accelerated to the cathode and collide with the cathode 
surface. This process, called sputtering, results in (i) positive ions that are 
neutralized by the negative cathode and (ii) neutral atoms that are released 
into the gas phase (negative glow). The electrons formed (iii) are 
accelerated into the negative glow area and help to maintain the glow 
discharge. When the sputtered metal atoms diffuse into the glow 
discharge, they collide with energetic electrons (electron impact excitation 
and ionization) or metastable Ar atoms (Penning excitation and 
ionization) and thereby become excited or ionized.  
 
Figure 3-1 Processes occurring in a glow discharge plasma 
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Emitted radiation caused by relaxation of excited atoms/ions to a lower 
energy can be observed and analyzed by an optical emission spectrometer 
(GD-OES) or ions produced in the glow discharge can be guided into a 
mass spectrometer for determination (GD-MS). 
Several modes of operation are available in glow discharge spectrometry. 
Most commonly used is the DC mode, whereby a direct current voltage is 
applied to generate the glow discharge plasma. This simple approach is 
suitable for conductive samples, as shown by the multiple applications 
reported in literature whereby DC glow discharge is used for the analysis 
of metals and alloys [Habib, 1996] [Wienold, 2009]. The introduction of 
rf-powered glow discharges has extended the application range to both 
conductive and non-conductive samples [Marcus, 1993] [Marcus, 1994a] 
[Marcus, 1994b] [Marcus, 1996]. Insulating materials can be analyzed 
without any pre-treatment, rendering the mixing and compressing with a 
conductive component redundant. However, heat-sensitive samples still 
need to be treated with caution when rf glow discharge is applied for 
sputtering. This shortcoming was tackled by the development of pulsed 
glow discharge sources. The operation of a glow discharge plasma in the 
pulsed mode offers the advantage that a higher instantaneous power can 
be applied without increasing the average current or average voltage 
CHAPTER 3 – CRITICAL EVALUATION OF DIFFERENT SPECTROMETRIC TECHNIQUES FOR 
DIRECT SOLID ANALYSIS OF METALLIC SAMPLES 
 
53 
 
compared to steady-state sources. This leads to an increased sputter and 
ionization yield and therefore, higher ion signal intensities, without 
inducing thermal degradation of the sample or discharge instability [Pan, 
1993]. Furthermore, the time-resolved separation of analyte signals from 
background signals renders discrimination against certain spectral 
interferences possible [Klingler, 1990] [Klingler, 1991] [Steiner, 1997]. 
More detailed information on the time-dependent ion formation in pulsed 
rf glow discharge is given in Chapter 7. 
As mentioned above, the glow discharge source can be coupled to an 
optical emission spectrometer (GD-OES) or to a mass spectrometer 
(GD-MS) for identification and quantification of the elements present in 
the sample analyzed. Nowadays, most GD-OES applications involve the 
analysis of thin films [Sanchez, 2010] [Alberts, 2011a], coatings [Sanchez, 
2011] or bulk analysis and depth profiling analysis of conductive and 
insulating materials [Alberts, 2011b]. GD-MS has evolved to the industry 
standard for the trace elemental analysis of metals and semi-conductors 
[Hoffmann, 2005], and a considerable amount of research is recently 
performed on nano-structured materials [Fernandez, 2010], coatings and 
thin films [Stranak, 2010]. 
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Critical evaluation of the capabilities of glow discharge sources  
One of the advantages of glow discharge sources is that the atomization 
and ionization processes are separated in space and time, resulting in only 
minor matrix-dependence. The latter allows quantification without the 
absolute need for matrix-matched standards with reasonable accuracy. 
Calibration is thus less complicated as it can be for laser ablation (cf. 
section 3.4), where calibration is more matrix-dependent. Moreover, when 
using glow discharge as an excitation or ionization source, the influence of 
micro-heterogeneities on the sample surface is strongly reduced compared 
to laser ablation sampling, because of the higher sampling area (typical 
laser ablation spot diameters are in the range of 4 – 400 µm, while for 
glow discharge a spot diameter up to 5 mm can be applied). Laterally 
resolved information, however, cannot, or only to a very limited extent, be 
obtained by glow discharge sampling, but an in-depth resolution with 
nanometer resolution is easily attainable. It should be stressed here that 
depth profiling analysis with high resolution requires adequate crater 
shapes, only achievable when the sputtering rate is uniform over the 
complete crater area. Unfortunately, the optimum conditions for adequate 
crater shapes do not always match the optimum conditions for maximum 
sensitivity and thus, often a compromise has to be made.  
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The presence of reactive impurities as hydrogen, nitrogen, or water vapor 
originating from the discharge gas, the glow discharge source, or from the 
sample, exert a strong influence on the ion production and sputtering rate 
[Bogaerts, 2008] [Ratliff, 1995]. Their presence should therefore be 
seriously taken into account, as it might produce several alterations to the 
excitation and ionization mechanisms in the GD plasma.  
Various types of mass spectrometers have been used in combination with 
a glow discharge source. The conjunction with a double-focusing sector 
field mass spectrometer, which is by far the most successful, provides 
detection limits in the ng g-1 range and a mass resolution up to 10,000, 
helping to overcome spectral interferences from molecular species present 
in the plasma affecting the signals of the elements of interest. Recently, 
the application of time-of-flight mass spectrometers in combination with 
a pulsed radiofrequency GD source has gained more and more interest 
due to the ability of rapid and simultaneous spectral acquisition. Because 
of the high repetition rate of the TOF extraction pulses (up to 100 kHz), a 
high number of spectra is generated within a short time interval and 
averaged, leading to a significant improvement in the signal-to-noise ratio 
[Harrison, 1996]. Pulsed rf GD-TOFMS proved to be a successful 
approach for various applications, such as polymer screening, glass 
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analysis and depth profiling analysis [Martin, 2007] [Muniz, 2008] [Lobo, 
2009] [Lobo, 2010] [Valledor, 2010]. 
 
The application of glow discharge sources for the analysis of 
metallic samples  
Since the first implementation of glow discharge plasmas in analytical 
research, metals have always been one of the main target samples [Hutton, 
1992] [Harville, 1995] [Wayne, 1996], because of their excellent 
conductivity. When working in DC mode of operation, only conductive 
samples are suitable for analysis, as application of a high negative potential 
to a non-conductive sample will lead to a rapid decay of the potential. In 
this case, positive ions are accelerated towards the sample surface and are 
neutralized, leading to a decreasing potential and finally resulting in 
extinction of the glow discharge [Marcus, 1993]. The introduction of rf 
glow discharges has extended the application field of GD to both 
conductive and non-conductive materials. Pulsed glow discharges are 
preferred for some specific kind of metallic samples, whereby thermal 
effects (melting) occur at the sample surface when using a steady-state 
GD plasma. 
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For direct analysis of conducting solids, GD-MS is nearly unrivalled for 
trace elemental analysis of high purity materials. However, for bulk 
analysis of less pure metals, GD-OES competes with spark source optical 
emission spectroscopy and X-ray techniques. Still GD-OES is less 
hampered by matrix effects and the detection limits attainable are mostly 
lower. Detection limits far below 1 ng g-1 are attainable when using DC-
GD-MS for the analysis of conducting materials, matched only by laser 
ablation - ICP-MS (cf. section 3.4). The preferred approach for surface 
analysis and depth profiling of metals or metallic coatings is undoubtedly 
the glow discharge technique in combination with optical emission 
detection, because of its low cost, ease of sample handling and speed of 
analysis. 
 
Outlook  
Glow discharge techniques are already employed in various routine 
applications for bulk and surface analysis, partly owing to the commercial 
availability of reliable and powerful GD-OES and GD-MS instruments 
[Jakubowski, 2007]. In research, the interest has changed from DC 
applications [Hutton, 1992] to radiofrequency [Harville, 1995] and pulsed 
power sources. The employment of TOF mass spectrometers in 
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combination with pulsed glow discharge sources is gaining more and 
more attention for innovative inorganic and organic applications. No 
pulsed rf GD-TOFMS instrument is commercially available yet, but its 
introduction onto the analytical market is expected in the next few years. 
 
3.4 Laser ablation techniques 
[Pisonero, 2009] [Russo, 2002b] [Vogt, 2005] 
The laser (acronym of light amplification by stimulated emission of 
radiation) was developed in the 1960s and its capability of direct sampling 
of practically every type of solid matrix has contributed to its success. 
When a laser beam is focused onto the sample surface, the interaction of 
photons with the sample leads to an aerosol formation of a finite volume 
of the solid. This ablation and subsequent transport to an excitation or 
ionization source by means of an inert gas flow (mostly Ar, He or a 
mixture of Ar and He) is an attractive alternative to the nebulization of 
aqueous sample solutions. The basic configuration of a laser ablation 
system is shown in Figure 3-2, whereby the ablated aerosol is introduced 
into an inductively coupled plasma for ionization and/or excitation. Both 
inductively coupled plasma - mass spectrometry (ICP-MS) and - optical 
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emission spectroscopy (ICP-OES) can be used for characterization and 
quantification after laser ablation (LA) sampling for a wide range of solids, 
including geological [Boulyga, 2004] [Boulyga, 2007], environmental 
[Boulyga, 2005a] [Boulyga, 2005b], archeological [Resano, 2010] and 
metallic [Barefoot, 2004] [Wienold, 2009] [Yasuhara, 1992] samples. 
 
Figure 3-2 Basic configuration of a laser ablation system 
CHAPTER 3 – CRITICAL EVALUATION OF DIFFERENT SPECTROMETRIC TECHNIQUES FOR 
DIRECT SOLID ANALYSIS OF METALLIC SAMPLES 
 
60 
 
Many types of pulsed lasers have been used for ablation, such as solid 
state lasers (Ruby and Nd:YAG), gas lasers (He-Ne, ion, molecular gas 
and excimer lasers), dye lasers and semi-conductor lasers. However, in 
analytical research, the most commonly used are the Nd:YAG and the 
ArF* excimer lasers. The Nd:YAG type is a solid state laser, consisting of 
a neodymium-doped yttrium aluminium garnet (Nd-Y3Al5O15) and 
provides a laser beam with a wavelength of 1064 nm. Since UV lasers are 
preferred for analytical purposes, these Nd:YAG lasers are often equipped 
with harmonic generators to obtain other wavelengths, of which 266 and 
213 nm are the most frequently used. While Nd:YAG lasers are lasers in 
the real sense of the word, excimer lasers are not. However, the resulting 
intense light produced by excimer lasers is monochromatic and capable of 
interacting with solid materials in the same way as the laser light produced 
by Nd:YAG lasers. The emission of photons by excimer lasers is the 
result of the formation of an excited state dimer or a so-called excimer. 
These dimers do not exist under normal conditions – they can only exist 
in their electronically excited state and decay with lifetimes of a few 
nanoseconds into the corresponding atoms [Lambda Physik]. For an ArF* 
excimer laser, the emitted photons have a wavelength of 193 nm, which is 
in the deep UV region, as preferred for laser ablation purposes. More 
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detailed information on the operating principles of Nd:YAG and ArF* 
excimer lasers can be found in the literature [Vogt, 2005]. 
 
Critical evaluation of the capabilities of laser ablation  
As previously mentioned, laser ablation can be used in conjunction with 
either ICP-MS or ICP-OES for analytical purposes. The most striking 
features of LA-ICP-MS are its high lateral (few µm) and in-depth (several 
hundreds of nm) resolution, in combination with high sensitivity and wide 
linear dynamic range, allowing simultaneous determination of major, 
minor, and trace elements. Obviously, LA-ICP-OES provides similar 
possibilities, however, with lower sensitivities. Therefore, laser ablation 
systems used in conjunction with ICP-OES detection, preferably need to 
have capabilities for sampling higher amounts of material, e.g., by using 
larger beam diameters [Compernolle, 2011].  
Laser ablation, in general, is not restricted by the physical and chemical 
properties of the materials to be analyzed. Besides, the sample 
consumption by laser ablation is only a few µg, so it can be considered as 
a quasi non-destructive approach, and therefore suitable for the analysis of 
valuable and unique samples, e.g., in the field of archeology and arts 
[Resano, 2010]. 
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Quantification is preferably done using matrix-matched standards, 
because the ablation rate varies with the sample matrix. Also the use of 
internal standardization is strongly recommended, but can however be 
limited by the requirement of a suitable element, originally present or 
added, which is homogeneously distributed and behaves similar to the 
majority of the analyte elements. 
The precision of laser ablation measurements is mainly dominated by the 
analyte concentrations in the sample material, but also by the 
homogeneity within the sample and standards. 
The most important drawback of laser ablation techniques is the 
occurrence of elemental fractionation, which can be defined as the non-
stoichiometric ablation during one laser pulse or the variation in the 
elemental response during the formation of a crater by several pulses 
[Russo, 2004]. This elemental fractionation is influenced by the matrix 
composition of the solid sample and can take place during the ablation 
itself, the transport process and/or in the inductively coupled plasma, 
depending on the laser characteristics, the carrier gas and the ICP 
instrument used. As a consequence of this elemental fractionation, 
quantitative analysis is hampered, and therefore, several studies have been 
performed concerning the influence of different laser ablation 
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characteristics on elemental fractionation [Jeong, 1999] [Guillong, 2002] 
[Guillong, 2003] [Horn, 2003] [Kroslakova, 2007], the most important 
conclusions are discussed in the following paragraphs.  
The laser pulse duration is a crucial factor controlling elemental fractionation 
during the ablation. A shorter pulse duration reduces the thermal effects 
on the sample surface, which are suspected to enhance fractionation 
[Russo, 2004]. Both ArF* excimer lasers (with a pulse duration of ~ 15 ns) 
and Nd:YAG lasers (with a pulse duration between 5 and 10 ns) have a 
pulse duration in the ns range [Vogt, 2005]. Over the past years, the 
possibilities of femtosecond (fs) lasers have been investigated for different 
types of samples [Russo, 2002a] [Samek, 2005] [Hergenroder, 2006] 
[Pisonero, 2008]. The shorter pulse duration of femtosecond lasers 
drastically reduces the undesired thermal effects and leads to the 
formation of smaller particles, beneficial to reduce elemental fractionation. 
Also the laser wavelength is affecting the properties of the ablation. The 
shorter the laser wavelength is, the higher the ablation rate and the lower 
the fractionation will be [Gunther, 1997] [Gunther, 1999a] [Motelica-
Heino, 2001]. Shorter wavelengths offer higher photon energies for 
efficient bond breaking and ionization of the solid sample. Moreover, a 
higher photon energy implies smaller particles produced during the 
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ablation, which are transported more efficiently to the ICP and handled 
more efficiently by the ICP, thereby minimizing elemental fractionation. 
The shape of the crater, defined by the beam profile and the sample material, 
has an important influence on the depth resolution and fractionation may 
increase during the formation of the ablation crater [Borisov, 2000]. 
Nevertheless, an exact understanding of the effect of the crater on 
elemental fractionation is not yet established. 
The volume and shape of the ablation chamber also affect the wash-out time 
and consequently, the memory effects and spatial resolution in elemental 
mapping applications. 
Finally, the influence of the laser ablation carrier gas on the ablation and 
transport processes has been discussed over the past ten years [Hirata, 
1995] [Eggins, 1998] [Gunther, 1999b] [Guillong, 2007]. In the first laser 
ablation applications, only argon was employed as carrier gas since this 
ensures the integrity of the inductively coupled plasma. Eggins et al. 
demonstrated that when helium was used as a carrier gas, deposition of 
particles around the ablation spot was reduced, thereby increasing the 
signal intensity with a factor of 2 to 4 [Eggins, 1998]. This observation 
was confirmed by Günther et al. for mixtures of helium and argon to 
transport the ablated material to the ICP [Gunther, 1999b]. Several 
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suggestions were proposed as an explanation for this enhancement, such 
as the higher ionization potential, lower atomic mass, higher thermal 
conductivity and lower density of helium in comparison to argon, which 
leads to the formation of smaller particles and thus, a better transport 
efficiency [Eggins, 1998] [Horn, 2003] [Koch, 2007b].  
 
The application of laser ablation for the analysis of metallic samples 
Metallic materials (metals and alloys) have always been an important 
group of samples for laser ablation, very often in the context of industrial 
[Coedo, 2005] [Mateo, 2007] [Wiltsche, 2011] and archeological [Devos, 
1999] [Guerra, 1999] [Devos, 2000] [Dussubieux, 2004] applications. In 
most cases, metallic samples undergo bulk analysis, however, also when 
spatially resolved information (e.g., metallic coatings) or high sensitivity 
(e.g., trace analysis) is required, laser ablation techniques offer great 
possibilities. 
Metallic samples are preferably analyzed by femtosecond laser ablation 
techniques [Liu, 2004] [Mozna, 2006] [Saetveit, 2008] [Vanhaecke, 2010], 
because strong thermal effects may occur when nanosecond lasers are 
applied. These thermal effects are introducing elemental fractionation, 
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especially when the vaporization energies of the elements to be 
determined vary substantially. 
 
Outlook  
Because of the positive influence femtosecond laser ablation tends to have 
on the occurrence of elemental (and isotopic) fractionation [Koch, 2007a], 
new possibilities arise for these type of systems. Nowadays, the first 
femtosecond laser ablation systems for LA-ICP-MS purposes become 
commercially available. However, further comparative studies concerning 
nanosecond and femtosecond laser ablation will be necessary to finally 
assess its analytical capability for different kinds of materials.  
Several ablation cell designs, each with a specific shape, have been 
evaluated since the introduction of laser ablation sampling. The majority 
of these chambers are air-tight and are flushed with the carrier gas to 
transport the ablated material directly to the ICP. However, an „open cell‟ 
whereby no limitations are imposed on the sample size would 
approximate the ideal ablation cell. Different designs for more flexible 
ablation cells have been proposed in literature [Arrowsmith, 1988] 
[Muller, 2009]. An open, non-contact cell was developed by Asogan et. al 
and implies the use of a gas curtain to seal the cell from the atmosphere 
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[Asogan, 2009]. Recently, Kovacs et al. have developed a laser ablation 
method for direct atmospheric sampling, whereby a diffusion-based gas 
exchange from air to helium/argon is accomplished prior to ICP-MS 
analysis [Kovacs, 2010]. This approach allows laser ablation of immobile 
samples or samples that are too large to fit in the ablation chamber. 
Because of their high flexibility, the research concerning open ablation 
cells will be continued in the near future and will hopefully lead to the 
commercialization of these „ideal‟ ablation chambers. 
 
3.5 Overview 
Table 3-1 gives an overview of the most important technical parameters, 
practical issues and applications of the techniques discussed above. Values 
for the accuracy are based on external calibration using matrix-matched 
standards. It needs to be stressed that this information is given to enable 
comparison between the different solid sampling techniques and the 
values shown are only a general estimation. Nevertheless, the performance 
of a solid sampling technique is always depending on the matrix of the 
sample, the elements that are need to be determined and their 
concentration. 
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Table 3-1 Overview of the technical parameters, practical issues and applications of SS, GD and LA solid sampling 
 
Spark source Glow discharge Laser ablation (ns) 
 
OES OES MS ICP-OES ICP-MS 
Sample requirements 
conductive 
flat surface 
conductive/non-conductive 
flat surface 
conductive/non-conductive 
preferably flat surface 
Sample consumption 25 mg 100 µg 200 µg  5 µg 
Conc. range ppm - % ppm - % ppb - % ppm - % ppb - % 
Accuracy: bias < 3% < 5% < 5% < 5% < 7% 
Precision < 5% < 5% < 10% < 3% < 10% 
Instrument price 100 k€ 100 k€ 300 – 600 k€ 150 k€ 200 - 500 k€ 
Applications bulk analysis 
bulk analysis                  
depth-profiling 
bulk analysis, depth-profiling, 
spatially resolved analysis 
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3.6 Other techniques 
The solid sampling techniques presented above offer lots of possibilities 
for accurate and precise multi-elemental analysis of a wide range of metals 
and alloys. Nevertheless, several other solid sampling approaches are also 
available, allowing elemental determination with sufficient reliability, 
depending on the composition of the sample. The most important 
alternatives are briefly discussed below, but obviously, this list could be 
completed by other methods for solid sampling and analysis. 
A well-known approach for the analysis of metallic materials is the use of 
X-ray fluorescence techniques, including different excitation methods as 
by photons from X-ray tubes and synchrotrons, by electrons (electron 
probe microanalysis (EPMA) and scanning electron microscopy with 
energy-dispersive X-ray microanalysis (SEM-EDX), or by protons 
(particle-induced X-ray emission (PIXE)) [Mantler, 2000]. However, 
examination by X-ray fluorescence spectrometry, depending on the 
excitation method, requires samples with higher element concentrations 
compared to optical emission and mass spectrometric techniques. In 
addition, the lighter elements (with atomic number ≤11) cannot be 
detected or accurately quantified, and the matrix composition can hamper 
reliable determination, as would be the case for lead samples, whereby 
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both the primary and the fluorescent X-ray radiation would almost be 
totally absorbed by the sample material. Various uses of X-ray techniques 
for the analysis of metallic samples, e.g., jewelry [Demortier, 1999] and 
coins [Mantler, 2000], have been reported in the literature [Potts, 2000] 
[Majcen, 2002]. 
Electrothermal vaporization (ETV) coupled to ICP-MS and ICP-OES is 
also very valuable for solid sampling and particularly for samples having a 
complex matrix composition. ETV sample introduction implies the 
introduction of a small amount of a (liquid or solid) sample into a 
conducting reservoir, acting as a resistor, which is then heated resistively 
following a specific temperature program. As a result, the sample is 
vaporized and is subsequently transported into the ICP by means of a 
carrier gas (mostly Ar) [Aramendia, 2009]. This approach requires a high 
level of expertise and therefore not many applications involving the 
analysis of metallic samples are reported in literature, also because of the 
powerful alternatives available, e.g., spark source and glow discharge for 
metal analysis [Resano, 2008]. 
Finally, the technique of laser induced breakdown spectrometry (LIBS) is 
receiving growing attention in analytical research. This approach involves 
irradiation of a solid surface with a laser pulse of typically a few 
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nanoseconds and an energy of a few mJ that gives rise to ablation of 
surface material and the formation of a transient, luminous plasma. 
Depending on the local elemental composition of the sample, specific 
radiation will be emitted by the plasma and both qualitative and 
quantitative information on the sample composition can be derived from 
the (time-dependent) emission spectrum [Giakoumaki, 2007]. This 
approach has already been evaluated for different types of metallic 
samples, including steel samples [Radivojevic, 2004], alloys for jewelry 
[Jurado-Lopez, 2003], and aluminium alloys [Cravetchi, 2003], and in the 
context of other industrial applications [Bol'shakov, 2010]. 
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4.1 Introduction 
Lead fire assay is a common method to extract precious metals from ores 
or precious metal containing recyclable materials by means of a fusion 
step (cf. section 2.6). The resulting lead button can be subsequently 
analyzed using solid sampling techniques, such as laser ablation - 
inductively coupled plasma - mass spectrometry (LA-ICP-MS), leading to 
a higher sample throughput in comparison with wet-chemical treatment 
of the lead button followed by analysis via pneumatic nebulization - 
inductively coupled plasma - optical emission spectrometry (PN-ICP-
OES). However, analysis by LA-ICP-MS is strongly affected by micro-
heterogeneities of the surface examined because of the low sample 
volume ablated per laser firing (the laser beam diameter can be varied 
from <5 µm to a couple of hundred µm, while the penetration per laser 
firing is typically <1 µm). Segregation of the precious metals can possibly 
occur during cooling down of the lead button from 1100°C to room 
temperature. Vanhaecke et al. have already suggested the occurrence of 
analyte nuggets at or close to the sample surface of a lead button obtained 
by fire assay, especially for Pd [Vanhaecke, 2004]. This surface enrichment 
was later investigated into more detail by Vanhaecke et al. and proven to 
be present for Pd, however, for Pt, no similar effect was observed 
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[Vanhaecke, 2010]. Heterogeneity in the Pd distribution was occurring 
until a depth of 100 – 200 µm under the surface, depending on the lead 
button analyzed. Further, on occasion, similar surface enrichment was also 
noticed for Au and Rh in the same study.  
It is of crucial importance to be aware of possible micro-heterogeneities at 
the sample surface when selecting laser ablation as sampling method, 
however, finding an appropriate method to test the homogeneity of the 
sample is not an easy task. Shibuya et al. evaluated the homogeneity of 
nickel sulfide buttons by applying an F-test to LA-ICP-MS data for 
comparing the standard deviations obtained at ten randomly chosen sites 
on the sample surface with one another [Shibuya, 1998]. Suominen et al. 
performed a homogeneity check on fire assay lead buttons by dividing the 
lead button into four pieces, which were separately subjected to 
subsequent treatment by cupellation and dissolution and final analysis by 
ICP-OES [Suominen, 2004]. However, this method evaluates the 
homogeneity of the bulk composition of the sample, rather than the 
occurrence of micro-heterogeneities. During the past years, more and 
more applications using laser ablation for elemental mapping/imaging 
have been published [Becker, 2010] [Gholap, 2010] [Hare, 2011] [Qin, 
2011] [Rusk, 2011] [Selih, 2011]. The same approach can be used for 
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checking the elemental distribution of the precious metals in fire assay 
lead buttons. However, when considering the large sample size (a lead 
button has a diameter of 3 - 6 cm) in comparison with the small laser 
beam diameter (4 up to 400 µm), the analysis time would be extremely 
long. Therefore, in this study, a compromise was chosen between analysis 
time and amount of information obtained. 
The aim of this study was to evaluate the precious metal distribution in 
the lead buttons obtained by fire assay of four different samples. After 
measurement and visualization of the distribution of Au, Ag, Pd, Pt and 
Rh in four cross-sections (cf. infra) of every lead button, the importance of 
using an internal standard was first assessed. Next, a comparison was 
made between (i) the different cross-sections, (ii) lead buttons additionally 
treated by centrifugal inductive melting and those that did not undergo 
additional treatment, (iii) the distribution of every element of interest 
within the same sample and, finally, (iv) the elemental distributions in lead 
buttons produced from different samples, based on the resulting maps. 
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4.2 Experimental 
4.2.1 Samples 
The fire assay lead buttons investigated in this work were produced in the 
analytical lab of Umicore Precious Metal Refining (Hoboken, Belgium) 
from four different types of samples. All samples employed are typical 
examples of materials to recycle precious metals from. To produce the fire 
assay lead button, the sample was grounded into a fine powder in several 
steps and a representative part of 5 g was added to an aggressive fusion 
mixture or lead flux in a crucible. The lead flux, allowing melting of the 
sample at a reasonable temperature, consists of a mixture of litharge 
(PbO), sodium carbonate (Na2CO3), anhydrous borax (Na2B4O7) and 
potassium hydrogen tartrate (KHC4H4O6). The mixture is then placed into 
a furnace (an example of which is shown in Figure 4-1) at 1000 to 1100 
°C, resulting in two molten phases. One of these phases is molten lead, 
produced by the reduction of litharge at this high temperature by the 
presence of potassium hydrogen tartrate. A second, borosilicate layer, 
containing the silica present in the sample, is floating on top of the molten 
lead. The precious metals present in the original sample are now extracted 
into the molten lead layer, which forms a small lead button after decanting 
(Figure 4-2) and cooling down of the hot melt. 
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Figure 4-1 A fire assay furnace at Umicore PMR Hoboken 
 
Figure 4-2 Decanting the slag from the molten lead phase 
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Table 4-1 Samples used to study the homogeneity of  
fire assay lead buttons: type and typical composition. 
Sample Type Typical Composition 
A Secondary leach concentrate Ag:   10 – 100 µg g-1 
Au:   1 – 10 µg g-1 
Pt :   1 – 10 µg g-1 
Pd:   10 – 100 µg g-1 
Rh:   1 – 10 µg g-1 
B Sweeps Ag:   100 – 1000 µg g-1 
Au:   10 – 100 µg g-1 
Pt :   100 – 1000 µg g-1 
Pd:   10 – 100 µg g-1 
Rh:   10 – 100 µg g-1 
C  Automotive catalyst Pt:   10 – 100 µg g-1 
Pd:   10 – 100 µg g-1 
Rh:   10 – 100 µg g-1 
D Automotive catalyst Pt:   100 – 1000 µg g-1 
Pd:   100 – 1000 µg g-1 
Rh:   10 – 100 µg g-1 
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Four different samples were employed in this study, the characteristics of 
which are summarized in Table 4-1 (for more information concerning the 
origin of the samples, see Chapter 1). Because the exact concentrations of 
the precious metals they contain are confidential, they are not mentioned 
in Table 4-1 and in fact, this information is not strictly required for the 
purpose of this study. Knowing the concentration range of the elements 
present in the samples is sufficient to evaluate the homogeneity of the 
lead buttons produced from them. 
Two replicate lead buttons of every sample were produced, from which 
one lead button was analyzed as such, while the other was subjected to an 
additional treatment as an attempt to improve its homogeneity. This 
additional treatment consisted of centrifugal inductive melting using a 
Lifumat Met 3.3 (Linn High Therm) induction melting furnace. For this 
purpose, the lead button is placed into the melting crucible positioned 
onto a centrifugal arm (Figure 4-3). Next, the induction coil is lifted, such 
that it is surrounding the melting crucible. During operation, this coil 
induces Eddy currents in the lead metal, which are directly converted into 
heat by Ohmic losses [Hauptmann, 2010]. After 100 s of heating and a 
waiting time of some seconds, the centrifugal arm starts rotating, 
centrifuging the lead melt into a cylindrical mould. Besides the heating of 
CHAPTER 4 – EXAMINATION OF THE HOMOGENEITY OF FIRE ASSAY LEAD BUTTONS BY 
MEANS OF LA-ICP-MS 
 
92 
 
the lead, the Eddy currents also generate a stirring action which 
guarantees the homogeneity of the final lead button.  
The lead button which was subjected to and the one which was not 
subjected to this additional melting step, will further be referred to as the 
„induced‟ and „non-induced‟ lead button, respectively. 
 
Figure 4-3 A centrifugal arm of an induction melting furnace  
[Linn High Therm, 2011] 
For every lead button, which is about 5 mm thick, four surfaces were 
examined by laser ablation - ICP-MS, including the upper surface, two 
cross-sections at 1 mm and 2 mm below the upper surface and finally the 
bottom surface, as shown in Figure 4-4.  
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Figure 4-4 Visualization of the four cross-sections (in red) analyzed for 
every lead button. The first cross-section is the top surface. The two next 
cross-sections are localized 1 and 2 mm below the sample surface 
respectively. A last cross-section consists of the bottom surface. 
The upper surface of the non-induced lead button was analyzed as such, 
without any prior polishing/milling. This was done in order not to lose 
information on possible enrichments at the top surface. The use of an 
internal standard (cf. infra) can correct for possible variations in the 
amount of lead ablated by laser ablation, caused by changes in the surface 
geometry. However, part of the upper surface of the induced lead button 
was removed by a mill prior to analysis in order to have a flat surface. The 
bottom surface of all lead buttons was also milled prior to analysis. To 
enable measurement of the cross-sections located at 1 mm and 2 mm 
below the upper surface, a proper part of the lead button was removed by 
mechanical treatment using a mill. After this operation, the surface of the 
lead button was sufficiently flat for laser ablation sampling and therefore 
no polishing was applied to these surfaces. 
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4.2.2 Instrumentation and optimization of the instrumental parameters 
For the examination of the homogeneity of the fire assay lead buttons 
under investigation, the instrument set-up applied consisted of a 
UP193HE laser ablation unit from New Wave Research (Figure 4-5) 
coupled to a Thermo XSeries 2 quadrupole-based ICP-MS instrument 
(Figure 4-6). The connection between the laser ablation cell and the ICP 
torch was accomplished by means of a 3 mm internal diameter Tygon 
tubing. The TuiLaser Excistar M-100 laser unit of the UP193HE laser 
ablation system, is an ArF* excimer based laser unit, generating a UV laser 
beam with a wavelength of 193 nm. In order to preserve the energy 
density from the laser beam from the laser tube to the sample, the laser 
beam is travelling through a sealed beam tube, continuously flushed with 
nitrogen at a flow of 6 L min-1. The diameter of the laser beam impacting 
on the sample surface can be adapted stepwise from 4 up to 400 µm and 
the energy density can be set from 0 to 100 % of that of the output laser 
beam using the instrument software. An optical system, including a 
homogenizer, assures a constant energy density over the entire spot. The 
laser repetition rate on the sample surface can also be selected (up to 20 
Hz). All laser ablation parameters were optimized and the resulting 
settings are summarized in Table 4-2.  
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Table 4-2 Instrument settings and data acquisition parameters for the 
examination of the homogeneity of fire assay lead buttons 
  
LA settings  
Spot diameter 100 µm 
Laser repetition frequency 15 Hz 
Laser energy density ± 8 J cm-² 
Lateral speed 100 µm s-1 
Laser warm-up time 10 s 
Laser wash-out time 60 s 
He transport gas flow rate 0.55 L min-1 
  
ICP-MS settings  
Rf power 1400 W 
Ar make-up gas flow rate 0.7 L min-1 
CCT gas 5% NH3 in He 
CCT gas flow rate 0.2 mL min-1 
Scanning mode peak hopping 
Dwell time per acquisition point 75 ms 
Detector mode dual mode 
  
Nuclides monitored  
103Rh, 105Pd, 107Ag, 108Pd, 109Ag, 194Pt, 195Pt, 197Au, 
204Pb 
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Figure 4-5 UP193HE laser ablation system (New Wave Research) 
Lead is a soft and rather volatile material, making the use of a highly 
energetic laser beam unnecessary. A medium spot size (100 µm) was 
chosen to have good sensitivity, but still sufficient lateral resolution. The 
software of the laser ablation system enables to define the desired ablation 
pattern, which can consist of a combination of spots, lines or other 
patterns, in advance and to adjust the laser warm-up time and wash-out 
time before and after every ablation pattern, respectively. A laser warm-up 
time of 10 s, allowing stabilization of the laser energy, was chosen for the 
measurements in this study, while a wash-out time of 60 s was shown to 
be sufficient to avoid memory effects during the next ablation. The 
ablation cell was flushed with helium and argon was admixed at the exit of 
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the ablation cell. The use of helium as a carrier gas instead of argon has 
been proven to reduce the redeposition of particles around the ablation 
crater and to improve the analyte transport efficiency and, consequently, 
the sensitivity and the limits of detection [Eggins, 1998] [Gunther, 1999a] 
[Gunther, 1999b]. 
 
Figure 4-6 XSeries 2 ICP-MS instrument (Thermo Scientific)  
[Thermo Scientific, 2011] 
Optimization of the XSeries 2 ICP-MS parameters, such as rf power, lens 
voltages and gas flow rates, was performed aiming at maximum sensitivity 
for the elements of interest. On the other hand, the acquisition parameters 
were also selected taking into account the laser ablation settings. As the 
laser beam, having a diameter of 100 µm, is moving along the sample 
surface with a speed of 100 µm s-1, a line with length of one spot (100 µm) 
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is ablated per second. The duration of one ICP-MS sweep (i.e. the time 
required to measure all nuclides selected one time) was therefore also 
adjusted to 1 second, resulting in a dwell time (i.e. the time during which 
one nuclide is monitored) of approximately 75 ms per nuclide. In this way, 
one data point represents the information of roughly 104 µm² of the 
sample. Finally, the gas flow rate of the reaction gas (5% NH3 in He) into 
the collision/reaction cell, located in-between the sampling interface and 
the quadrupole analyzer of the XSeries 2 ICP-MS instrument, was 
optimized. The collision/reaction cell of this instrument includes a 
hexapole unit and can be pressurized with a suitable collision or reaction 
gas. For the application described here, the use of the collision/reaction 
cell is recommended to overcome the interference of the 206Pb2+ signal on 
the signal of 103Rh+, which can surely not be ignored since the matrix 
consists almost entirely of pure lead (>99%). A similar interference was 
described elsewhere [Vanhaecke, 2004] [Resano, 2006] [Vanhaecke, 2010] 
[Compernolle, 2011] and NH3 was shown to be suited for overcoming 
this interference. For the study of the homogeneity of fire assay lead 
buttons by measurement with the XSeries 2, a mixture of 5 % NH3 in He 
was used. The elimination of the Pb2+ ions is the result of spontaneous 
electron transfer from the NH3 molecules to the Pb
2+ ions [Tanner, 1999] 
[Tanner, 2000] [Tanner, 2002], as the first ionization energy of NH3 (10.16 
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eV) is lower than the second ionization energy of Pb (15.03 eV). As it is 
still higher than the first ionization energy of Rh (7.46 eV), no electron 
transfer from NH3 molecules to Rh
+ ions occurs [Tanner, 2002]. 
 
4.2.3 Measurements and data treatment 
For every lead button, 4 cross-sections were analyzed: the top surface, 
surfaces 1 mm and 2 mm below the top surface and finally the bottom of 
the lead button, later referred to as surfaces 1, 2, 3 and 4, respectively. 
 
Figure 4-7 Ablation pattern (in black) applied for the analysis of a lead 
button surface (in grey). 
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All of the sample surfaces were measured by ablating according to 9 
parallel line scans, each crossing the entire width of the lead button from 
left to right, with a distance of 1 mm from one another, as represented in 
Figure 4-7, and according to the parameters given in Table 4-2.  
The UP193HE laser ablation unit and the XSeries 2 ICP-MS instrument 
were electronically connected in order to „trigger‟ the start of an ICP-MS 
experiment when the laser starts ablating. Every measurement 
corresponds to one line and an adequate measurement time needs to be 
set manually in the ICP-MS software, depending on the length of the line 
(or the width of the lead button). For one lead button, every line had the 
same length, which means that, sometimes the laser was already ablating, 
while the objective was not positioned above the sample surface yet (at 
the beginning of a line) or any longer (at the end of a line). An equal 
length for every line, however, was a necessary condition for the 
subsequent data treatment. Moreover, as the measurement was started as 
soon as the laser began to fire, no signal was collected during the first 10 s 
of the measurement, as the laser was still warming up in this time interval. 
However, by looking at the resulting signals, the exact moment at which 
the laser beam starts hitting the lead surface can be easily detected by the 
sudden increase of the lead signal. A typical signal profile is shown for 
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204Pb in Figure 4-8, including the indication of the ablation interval, i.e. the 
period during which the laser is actually hitting the sample surface. 
As previously mentioned, the pattern, consisting of nine parallel lines, was 
created in the laser ablation software prior to analysis and focusing of the 
laser beam was only done at the beginning and the end of a line. Since the 
surfaces analyzed are not strictly flat, variations in the amount of lead 
ablated were observed, as shown by the fluctuating signal of 204Pb in 
Figure 4-8. Internal standardization can correct for these variations (cf. 
infra). 
 
Figure 4-8 Typical signal profile for 204Pb, showing the ablation interval. 
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The resulting signal intensities for every nuclide monitored were 
subsequently divided by the corresponding signal intensity for 204Pb, as a 
means of internal standardization or normalization. Next, an average value 
was calculated from the normalized signal intensities of all surfaces 
investigated for one lead button and all normalized signal intensities were 
converted to a relative value with respect to this average value. In this 
way, both the comparison in terms of homogeneity of the distribution 
between surfaces or in-between one surface can be done, without any 
further data treatment. These relative values obtained were then visualized 
using the software program „Maple‟ (Maplesoft, ONT, Canada). 
The decision to examine the homogeneity of the distribution of the 
elements of interest in the lead samples by means of maps, and thus, only 
by visual inspection, rather than based on statistical criteria, was made for 
several reasons. First, it is hard to find a statistical test that is suited for 
evaluating the homogeneity of a surface distribution. Shibuya et al. 
suggested use of the F-test [Shibuya, 1998]. However, this test requires 
replicate measurements at the same location, data that is not available in 
this study. Moreover, the most convenient statistical tests, such as the F-
test, require a normal distribution of the data points. Unfortunately, this 
normality is not observed for the data obtained in this study. The use of 
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non-parametric tests would be a possible alternative, however, visual 
representation of the element distributions is a more efficient way, capable 
of providing a lot of information in a fast and accessible way. 
 
4.3 Results and discussion 
The discussion of the results is mainly done using one sample as an 
example, namely the secondary leach concentrate or sample A, (i) as this 
sample contains all of the elements considered in a sufficient 
concentration and (ii) to obtain a better overview of the most important 
conclusions. All data from the other samples are added in the Appendix. 
The most important conclusions for these other samples are also 
formulated in the last section of this chapter. 
A code has been allocated to every sample surface, in order to facilitate 
the evaluation, and this code consists of the name of the sample, NIN or 
IN for the non-induced and induced lead button, respectively and a 
number indicating the position of the cross-section (1 = top surface; 2 = 
cross-section 1 mm below top surface; 3 = cross-section 2 mm below top 
surface; 4 = bottom surface). According to this code, the top surface of 
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the lead button obtained by fire assay of sample C and subsequent 
inductive melting is termed “C-IN1”. 
In this chapter, the discussion on a specific element is based on the 
observations for one nuclide of that element. Similar observations were 
made for the other isotopes measured (multi-isotopic elements), thus 
resulting in the same conclusions, but the corresponding results will not 
be mentioned explicitly. Therefore, either the specific nuclide (e.g., 106Pd) 
or the element (e.g., Pd) may be used in the following text to indicate the 
target element considered. 
 
4.3.1 Use of 204Pb as an internal standard 
The amount of sample ablated by the laser beam is depending on different 
parameters, including the energy density of the laser beam and the 
geometry of the sample surface (and thus the focusing of the laser beam 
on the surface), two parameters that are never fully constant. Moreover, 
additional fluctuations occur during transport of the ablated material to 
the ICP, further stressing the need for proper correction for these 
instabilities. Internal standardization is a good method for this purpose, 
however, a suitable nuclide (for mass spectrometric techniques) should be 
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available. As the samples analyzed almost entirely consist of lead (>99%), 
the use of 204Pb as internal standard is a convenient choice in this study. 
To demonstrate the strength of the use of an internal standard, maps for 
the absolute intensities of 106Pd and 204Pb and the 106Pd/204Pb ratio are 
plotted in Figure 4-9 (relative to the average of the different cross-sections 
of the sample, as explained in section 4.2.3). 
 
Figure 4-9 Illustration of the effect of using 204Pb as an internal standard. 
The two upper maps of Figure 4-9 proof that the edges of the lead 
button, or the period of actual sample ablation, can be clearly derived 
from the signal. A similar map was obtained for the absolute intensities of 
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both 106Pd and 204Pb (both nuclides show a higher or lower signal for the 
same surface regions) and the variations in the signal intensity are clearly 
cancelled out when normalizing the signal for 106Pd by dividing by that for 
204Pb. This again points out the importance of the use of an internal 
standard, as, if no internal standardization would have been applied to the 
absolute signals, this sample surface would be considered as 
heterogeneous, while in fact, it is nearly completely homogeneous. 
 
4.3.2 Comparison between cross-sections 
First, the distribution of Pd within a non-induced lead button obtained via 
fire assay of sample A will be discussed based on the results for 106Pd. 
Figure 4-10 represents the (204Pb-normalized) distribution of 106Pd within 
the four cross-sections of this lead button. 
The top surface (A-NIN1) shows several spots with lower (yellow) or 
higher (blue/red) Pd levels. These variations can possibly be attributed to 
the fact that the upper surface was not polished before analysis, in order 
not to lose any information concerning the top layer, although internal 
standardization should normally correct for variations in the sample 
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amount reaching the ICP. The underlying cross-sections A-NIN2 and A-
NIN3 also display regions with higher or lower Pd concentration. 
 
Figure 4-10 (204Pb-normalized) distribution of 106Pd over the cross-
sections of a non-induced lead button from sample A. The values shown 
are relative to the average for the four cross-sections. 
A specific pattern, however, is visible for surface A-NIN2. When 
combining the map with a picture of the surface, as shown in Figure 4-11, 
it is clear that the pattern is coinciding with the irregularities of the lead 
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surface, caused by mechanical abrasion during removal of a 1 mm layer 
from the lead button. 
 
Figure 4-11 A-NIN2-106Pd 
The map of the bottom surface (A-NIN4) shows a circular pattern, which 
again is reflecting the morphology of the surface after mechanical 
treatment, similar to what was seen for the distribution of 106Pd over 
surface A-NIN2. Figure 4-12 shows an overlay of this map and the 
picture of surface A-NIN4, where the circular pattern on the surface 
picture is also visible. 
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Figure 4-12 A-NIN4-106Pd 
When evaluating the presence of Pd over the different cross-sections, a 
much higher Pd content is obtained for the bottom surface of the lead 
button (A-NIN-4), compared to a medium Pd concentration in the 
middle cross-sections (A-NIN2 and A-NIN3) and a somewhat lower 
concentration in the upper surface (A-NIN1). 
 
4.3.3 Comparison between non-induced and induced lead buttons 
All observations described in section 4.3.2 can be compared to the results 
of the corresponding analysis of the cross-sections of a lead button 
produced by fire assay of the same sample A, but subjected to additional 
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inductive melting and centrifugal casting. The distributions for 106Pd in the 
cross-sections of this lead button are presented in Figure 4-13. 
 
Figure 4-13 (204Pb-normalized) distribution of 106Pd over the cross-
sections of an induced lead button from sample A. The values shown are 
relative to the average for the four cross-sections. 
For surface A-IN1, a homogeneous distribution of 106Pd is found over the 
entire surface. In contrast to the non-induced lead button, the upper 
surface of this lead button was flattened before analysis by removing a 
small layer using a mill. However, for the underlying surfaces A-IN2 and 
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A-IN3 and the bottom surface A-IN4, a pattern, as observed for the non-
induced lead button of the same sample (cf. 4.3.2), is also visible. Again, 
these patterns correspond to the geometry of the cross-section, resulting 
from mechanical treatment of the sample, as demonstrated by the figures 
below. 
 
Figure 4-14 A-IN2-106Pd 
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Figure 4-15 A-IN3-106Pd 
 
Figure 4-16 A-IN4-106Pd 
Overall, no clear distinction can be made between the homogeneity of the 
lead button with and without additional treatment by inductive heating. 
The upper surface of the induced lead button seems to be more 
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homogeneous than that of the non-induced button, but both can in fact 
not be compared, because the latter was not a flattened surface. For both 
lead buttons, distinctive patterns are visible, which are related to the 
surface morphology of the cross-section considered. 
 
4.3.4 Difference between elements 
The previous section described how specific patterns were found in the 
distribution of Pd over some cross-sections of lead buttons obtained by 
fire assay of sample A, either without or with additional homogenization 
treatment. These patterns seem to correspond with the surface 
morphology of the cross-section. 
Now, the distribution of the other elements within the same lead buttons 
will be discussed, starting with Ag. The distribution of 109Ag over the four 
cross-sections of the lead button obtained by fire assay of sample A 
without further treatment (A-NIN) and the results from the replicate lead 
button subjected to inductive melting and centrifugal casting (A-IN) are 
shown in Figure 4-17 and Figure 4-18, respectively. 
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Figure 4-17 (204Pb-normalized) distribution of 109Ag over the cross-
sections of a non-induced lead button from sample A. The values shown 
are relative to the average for the four cross-sections. 
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Figure 4-18 (204Pb-normalized) distribution of 109Ag over the cross-
sections of an induced lead button from sample A. The values shown are 
relative to the average for the four cross-sections. 
What strikes most, is the absence of a pattern in all maps for Ag shown 
above. The reason for this difference compared to Pd cannot be 
attributed to a difference in concentration for both elements, as Ag and 
Pd are present in the same concentration range. To illustrate that Ag and 
Pd are differently distributed, the absolute intensities of 109Ag and 106Pd 
are considered in Figure 4-19 and Figure 4-20, respectively. 
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Figure 4-19 Maps showing the absolute intensities for 109Ag (upper figure) 
and 204Pb (middle figure) and the resulting normalized intensities for 109Ag 
(lower figure) across the cross-section A-IN3. 
The absolute intensities of 109Ag and 204Pb are equally distributed over 
cross-section A-IN3, resulting in a homogenous distribution for the 
normalized signal of 109Ag, as shown in Figure 4-19. This is in contrast to 
what is seen for 106Pd, as the absolute signals of 106Pd monitored for 
surface A-IN3 are practically inversed with respect to those for 204Pb, 
leading to a specific pattern for the normalized intensities of 106Pd. This is 
demonstrated in Figure 4-20. The distribution of Ag and Pd over surface 
A-IN3 is thus inherently different. 
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Figure 4-20 Maps showing the absolute intensities for 106Pd (upper figure) 
and 204Pb (middle figure) and the resulting normalized intensities for 106Pd 
(lower figure) across the cross-section A-IN3. 
A second remark that can be made concerning the homogeneity of the Ag 
distribution in the samples considered here (and displayed in Figure 4-17 
and Figure 4-18), is that the lead button which was subjected to additional 
inductive melting (A-IN) is showing a more homogeneous distribution for 
Ag than the one that did not receive an additional treatment (A-NIN). 
The latter conclusion was drawn not taking into account the upper 
surfaces (A-IN1 and A-NIN1) as these have not undergone the same 
mechanical treatments prior to analysis. 
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Next, the distribution of Pt in both lead buttons under investigation here 
can be examined. Figure 4-21 and Figure 4-22 show the maps necessary to 
make the comparison with Pd and Ag. 
 
Figure 4-21 (204Pb-normalized) distribution of 194Pt over the cross-
sections of a non-induced lead button from sample A. The values shown 
are relative to the average for the four cross-sections. 
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Figure 4-22 (204Pb-normalized) distribution of 194Pt over the cross-
sections of an induced lead button from sample A. The values shown are 
relative to the average for the four cross-sections. 
Two major observations can be arrived at when examining the above two 
figures. First, none of the two observed lead buttons shows an entirely 
homogeneous distribution for Pt, neither within the same cross-section, 
nor between the different cross-sections and there is no noticeable effect 
of the inductive heating step for Pt. Nevertheless, for none of the 
observed cross-sections, displayed in Figure 4-21 and Figure 4-22, a 
specific pattern is recognized. The same conclusions can be drawn for the 
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distribution of Au, shown in Figure 4-23 and Figure 4-24, however, the 
within cross-section homogeneity is slightly better for this element. 
 
Figure 4-23 (204Pb-normalized) distribution of 197Au over the cross-
sections of a non-induced lead button from sample A. The values shown 
are relative to the average for the four cross-sections. 
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Figure 4-24 (204Pb-normalized) distribution of 197Au over the cross-
sections of an induced lead button from sample A. The values shown are 
relative to the average for the four cross-sections. 
Finally, the distribution of Rh over the different cross-sections was 
assessed for both lead buttons produced from sample A. The non-
induced lead button, for which the results are shown in Figure 4-25, 
shows a good homogeneity between the different cross-sections, as 
illustrated by the dominating cyan color, and within every cross-section 
individually, except for the upper surface. This heterogeneity of the upper 
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surface might be attributed to the fact that this surface was not polished 
prior to analysis.  
 
Figure 4-25 (204Pb-normalized) distribution of 103Rh over the cross-
sections of a non-induced lead button from sample A. The values shown 
are relative to the average for the four cross-sections. 
The maps for the cross-sections of the induced lead button, presented as 
Figure 4-26, do not show an improved homogeneity in terms of Rh 
compared to the lead button that was not subjected to an additional 
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inductive melting after fire assay. Moreover, the circular pattern that is 
visible for Pd at surface A-IN3 is also discernible to some extent here. 
 
Figure 4-26 (204Pb-normalized) distribution of 103Rh over the cross-
sections of an induced lead button from sample A. The values shown are 
relative to the average for the four cross-sections. 
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4.3.5 Difference between samples 
A final comparison was made between the different samples that were 
used for preparing the fire assay lead buttons. The maps for all of the 
cross-sections are included in the Appendix of this dissertation. Here, a 
summarizing table is given for every lead button, indicating the degree of 
homogeneity (red = poor; yellow = moderate; green = good) and the 
occurrence of a pattern (P) or cool/hot spots (HS) within one cross-
section. It should be noted that these categories are not quantified, but are 
set on the basis of impression. As an example, the results for sample A are 
summarized in Table 4-3. From this table, the same general conclusions 
can be derived as described earlier. 
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Table 4-3 General properties of the cross-sections of both the non-
induced and induced lead fire assay button from sample A, indicating the 
degree of homogeneity (red = poor; yellow = moderate; green = good) 
and the occurrence of a pattern (P) or cool/hot spots (HS) within one 
cross-section. 
Sample A Pd Ag Pt Au Rh 
A-NIN1           
A-NIN2 P HS       
A-NIN3   HS       
A-NIN4 P HS     P 
A-IN1         HS 
A-IN2 P         
A-IN3 P       P 
A-IN4 P         
 
Table 4-4 provides an overview of the degree of homogeneity for all the 
cross-sections analyzed of the fire assay lead buttons produced from 
sample B. Similar conclusions can be formulated for these cross-sections, 
as for those of sample A. First of all, the top surface of the non-induced 
lead button, which was not polished prior to analysis, shows a 
heterogeneous distribution for all of the elements of interest. When not 
taking into account this cross-section (B-NIN1), there is no important 
difference between the homogeneities observed for the lead button with 
and the one without additional inductive melting, respectively. Anyhow, 
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both lead buttons produced from sample B can be considered as rather 
homogeneous, noticeably better than those produced from sample A. 
 
Table 4-4 General properties of the cross-sections of both the non-
induced and induced lead fire assay button from sample B, indicating the 
degree of homogeneity (red = poor; yellow = moderate; green = good) 
and the occurrence of a pattern (P) or cool/hot spots (HS) within one 
cross-section. 
Sample B Pd Ag Pt Au Rh 
B-NIN1           
B-NIN2           
B-NIN3           
B-NIN4           
B-IN1           
B-IN2           
B-IN3           
B-IN4           
 
Also for the lead buttons prepared from sample C and D, for which the 
results have been summarized in Table 4-5 and Table 4-6, respectively, 
rather homogeneous distributions were observed, except for the upper 
surface of the non-induced lead button (C-NIN1 and D-NIN1) and the 
cross-section located 1 mm below the upper surface of the induced lead 
button (C-IN2 and D-IN2), where a pattern is visible for all elements of 
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interest. As for the patterns previously observed for the lead buttons 
produced from sample A, also here, the patterns correspond to the 
morphology of the surface. Again, no clear distinction can be made 
between the lead buttons with and without additional treatment by 
inductive melting. 
When comparing Table 4-3, showing the homogeneity of all lead buttons 
from sample A, with Tables 4-4 until 4-6, showing the homogeneities of 
the lead buttons of the other samples, a somewhat aberrant behavior of 
sample A can be noticed. Most lead buttons produced from sample A are 
obviously less homogenous than the corresponding lead buttons from the 
other samples. Besides, a larger number of surfaces analyzed are showing 
patterns or hot spots for lead buttons obtained from sample A. The 
composition of the original sample tends to have an influence on the 
homogeneity of the lead buttons produced from it, although this influence 
was not expected to be present, as analytes and matrix elements are 
separated during fire assay. 
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Table 4-5 General properties of the cross-sections of both the non-
induced and induced lead fire assay button from sample C, indicating the 
degree of homogeneity (red = poor; yellow = moderate; green = good) 
and the occurrence of a pattern (P) or cool/hot spots (HS) within one 
cross-section. 
Sample C Pd Pt Rh 
C-NIN1 HS   HS 
C-NIN2       
C-NIN3       
C-NIN4       
C-IN1       
C-IN2 P P P 
C-IN3       
C-IN4       
 
Table 4-6 General properties of the cross-sections of both the non-
induced and induced lead fire assay button from sample D, indicating the 
degree of homogeneity (red = poor; yellow = moderate; green = good) 
and the occurrence of a pattern (P) or hot spots (HS) within one cross-
section. 
Sample D Pd Pt Rh 
D-NIN1 HS HS HS 
D-NIN2       
D-NIN3       
D-NIN4       
D-IN1       
D-IN2 P      
D-IN3 
 
    
D-IN4       
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4.4 Conclusions 
The results from an evaluation of the distribution of the precious metals 
in different lead samples were reported on in this chapter. Drawing 
unequivocal conclusions from these results is hardly possible, 
nevertheless, some main trends can be discerned and are described below. 
First, internal standardization using the signal of 204Pb was demonstrated 
to be a valuable tool to correct for signal instabilities the origin of which is 
to be located in the ablation, transport of the ablated material to the ICP 
and changes in the sensitivity. 
Nevertheless, despite the use of 204Pb as an internal standard, some cross-
sections show an elemental distribution that is corresponding to the 
morphology of the surface, caused by mechanical treatment of the 
samples. This is especially present for Pd, to a lesser extent for Rh and 
exceptionally for Pt. Apparently, the mechanical treatment influences the 
elemental distribution of the sample surface, however, not for every 
element to the same extent. The origin of this finding should therefore be 
investigated into more detail, examining the influence of different 
mechanical procedures applied to a surface, using different tools, on the 
elemental distribution in that surface. 
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The nature of the original sample also tends to have an influence on the 
distribution of the precious metals in the resulting lead buttons. The lead 
buttons produced from sample A are, e.g.,  generally less homogeneous 
than the ones produced from the other samples. 
Finally, no clear improvement was observed upon additional inductive 
melting and centrifugal casting of the lead buttons after their production 
by fire assay. In Chapter 5 of this dissertation, however, it is demonstrated 
that the combination of inductive melting and centrifugal casting does 
improve the precision of the isotope ratios measured, such that in the end 
it has to be concluded that it does have a beneficial effect on the analyte 
homogeneity. 
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This chapter is based on a paper by Sien Compernolle, Dorine Wambeke, Ine De 
Raedt and Frank Vanhaecke, accepted for publication in “Spectrochimica Acta Part 
B: Atomic Spectroscopy” , entitled: “Evaluation of a combination of isotope dilution 
and single standard addition as an alternative calibration method for the determination 
of precious metals in lead fire assay buttons by laser ablation - inductively coupled 
plasma - mass spectrometry”. (DOI: 10.1016/j.sab.2011.12.008) 
 
5.1 Introduction 
In previous publications, laser ablation - inductively coupled plasma - 
mass spectrometry (LA-ICP-MS) was demonstrated to be a successful 
approach for precious metal determination in lead fire assay buttons when 
using external calibration against matrix-matched standards [Vanhaecke, 
2004] [Resano, 2006a]. More recently, also the use of femtosecond instead 
of nanosecond LA-ICP-MS was investigated [Vanhaecke, 2010], showing 
an improved performance in terms of detection capabilities and accuracy. 
Although matrix-matched external calibration combined with the use of 
the 204Pb+ signal as an internal standard (more correctly: internal reference 
used for normalization purposes) is a suitable calibration method to deal 
with matrix effects and signal instabilities, isotope dilution (ID) should be 
an even more robust calibration method, resulting in an even better 
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correction for matrix effects and other sources of changes in the 
instrument sensitivity, thus leading to results showing higher accuracy and 
precision. 
Isotope dilution (ID) is based on the addition of a known quantity of an 
enriched isotope (the spike) to the sample to be analyzed. By measuring 
the isotope ratio of interest in the sample, the spike and the mixture using 
mass spectrometry and based on the known isotope-specific 
concentrations of the spike and the amounts of sample and spike mixed, 
the element concentration in the sample can be calculated [Fassett, 1989] 
[Longerich, 1989] [Heumann, 1992a] [Heumann, 1992b]. Isotope dilution 
is considered as one of the benchmark methods for elemental 
determination because of its ability to automatically correct for matrix 
effects, instrument instability and signal drift and therefore, its excellent 
accuracy and precision. Mostly, isotope dilution is applied to the analysis 
of dissolved samples, as the addition of the spike and equilibration of the 
isotopes is in this case typically quite simple. However, when dealing with 
solid samples, some practical issues hamper the sample preparation. 
Depending on the matrix of the sample and the spike (e.g., in solution, 
powder, metal), a suitable sample preparation, which enables thorough 
mixing of the isotopes of sample and spike and subsequent equilibration, 
has to be selected. Several sample preparation procedures have been 
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applied, enabling successful isotope dilution analysis of a wide range of 
geological, environmental and biological solid materials, containing an 
organic or inorganic matrix. In some cases, the spike can be added to the 
solid sample as a solution, followed by adequate mixing, drying 
[Vanhaecke, 1997] [Resano, 2006b], and if desired, pressing into a pellet 
[Tibi, 2003] [Boulyga, 2004] [Boulyga, 2005] [Boulyga, 2007]. In other 
cases, both sample and spike are grounded into a powder, mixed and 
pressed into pellets for solid sampling analysis [Fernandez, 2008a]. With a 
laser ablation system that shows a sufficiently high lateral speed, even 
alternating ablation of sample and spike has been shown to be applicable 
[Fernandez, 2008b]. 
This chapter reports on an evaluation of the application of isotope 
dilution for the determination of precious metals in lead fire assay buttons 
by LA-ICP-MS for improving and evaluating the ultimate accuracy and 
precision of the analytical method. Au and Rh are mono-isotopic elements 
and thus, not amenable to quantification via isotope dilution. As a result, 
they were determined using single standard addition and internal 
standardization as calibration method, which are still expected to provide 
higher accuracy than the more traditional external calibration. For isotope 
dilution purposes, a spike lead button was prepared, checked for its 
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homogeneity and melted together with every sample (lead button) to be 
analyzed in optimum proportions. All original samples, the spike lead 
button and the isotope-diluted blend lead buttons were analyzed using 
LA-ICP-MS. For the determination of Au and Rh, the same sample and 
blend buttons were utilized for single standard addition calibration, so that 
no additional sample preparation or measurement was necessary to obtain 
the single standard addition results. Finally, the Au and Rh concentrations 
in the samples were also determined using internal standardization, 
wherein an isotope of Pt and Pd is used as an internal standard to correct 
for matrix-effects affecting the mono-isotopic elements. 
 
5.2 Experimental 
5.2.1 Instrumentation 
All measurements were performed using an UP193HE ArF* excimer-
based laser ablation system from New Wave Research (ESI), coupled to a 
quadrupole-based Sciex Elan DRCplus ICP-MS instrument from 
PerkinElmer, which is depicted in Figure 5-1. 
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Figure 5-1 PerkinElmer Sciex Elan DRCplus ICP-MS instrument 
Both units were connected using 3 mm internal diameter Tygon tubing. 
The 193 nm UV laser beam, generated by the ArF* excimer-based 
Excistar laser unit from TUI, is travelling through a sealed beam tube, 
continuously flushed with nitrogen at a flow of 6 L min-1 to enhance the 
transmission efficiency of the laser beam, and containing optics for beam 
homogenization, to provide better crater characteristics. The energy 
density of the laser beam reaching the sample can be regulated by the 
software to a value between 0 and 100% of the original laser beam density 
produced by the laser unit, while laser frequencies up to 20 Hz and beam 
diameters between 4 and 400 µm can be selected. The quadrupole-based 
Sciex Elan DRCplus ICP - mass spectrometer is equipped with a dynamic 
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reaction cell (DRC), located in-between the sampling interface and the 
mass spectrometer, that can be pressurized with a suitable reaction gas, 
allowing discrimination against certain spectral interferences by means of 
chemical resolution [Tanner, 1999] [Tanner, 2002]. For the application 
described in this chapter, pure NH3 (>99.995%) was used as a reaction 
gas to eliminate the interference from the 206Pb2+ ion signal, coinciding 
with the 103Rh+ signal, as described in previous papers [Vanhaecke, 2004] 
[Resano, 2006a] [Vanhaecke, 2010]. The elimination of the Pb2+ signal is 
the result of spontaneous electron transfer between the NH3 molecules 
and the 206Pb2+ ions [Tanner, 1999] [Tanner, 2000] [Tanner, 2002]; this is 
an exothermic process as the first ionization energy of NH3 (10.16 eV) is 
lower than the second ionization energy of Pb (15.03 eV). As the first 
ionization energy of NH3 (10.16 eV) is higher than the first ionization 
energy of Rh (7.46 eV), the Rh+ signal should not be affected [Weast, 
1982]. The NH3 gas flow rates mentioned in this chapter are expressed in 
Ar-equivalent mL min-1, as read from the mass flow controller, and in 
order to obtain the corresponding true values, a multiplication factor of 
0.56 needs to be taken into account. 
 
CHAPTER 5 – ISOTOPE DILUTION AND SINGLE STANDARD ADDITION FOR THE 
DETERMINATION OF PRECIOUS METALS IN LEAD FIRE ASSAY BUTTONS BY LA-ICP-MS 
 
141 
 
5.2.2 Optimization 
When measuring isotope ratios, proper correction for the intensity losses 
due to detector dead time are highly important, especially for high count 
rates, where the effect of the detector dead time increases. If no 
correction for the detector dead time is performed, the ratio measured will 
be biased in favor of the least abundant isotope, because of its lower 
count rate [Vanhaecke, 1999]. The correction for dead time is usually 
carried out automatically by the ICP-MS software, however, the correct 
detector dead time still needs to be determined experimentally by the user 
and inserted into the software. Several methods for determining the 
detector dead time are described in literature [Russ III, 1989] 
[Koirtyohann, 1994] [Nelms, 2001]. In order to minimize bias of the 
measured isotope ratios in this work, the detector dead time was first 
determined via the method proposed by Koirtyohann [Koirtyohann, 
1994] using pneumatic nebulization ICP-MS. The value thus obtained was 
57 ns, which is in the expected range for the dead time of the detection 
system the ICP-MS instrumentation used is equipped with. 
Of course, also instrumental mass discrimination leads to biased isotope 
ratio results. However, as all isotope ratios (for the sample, the spike and 
the blend) to be deployed in the ID equation (vide infra) were determined 
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experimentally, this bias cancels out (at the isotope ratio precision typical 
for a single-collector instrument) and no further correction is required. 
For every element of interest, two suitable isotopes should be available to 
utilize isotope dilution as a calibration method. The nuclides selected for 
further research have to match several criteria. Firstly, they need to be free 
from spectral interference caused by the presence of Ar, entrained air, 
matrix elements and/or other analytes present in the standard or sample. 
Since the matrix essentially consists of lead (≥99%), the occurrence of 
206Pb2+ ions can obviously not be ignored and these double charged ions 
will preclude accurate determination of 103Rh+ under standard conditions 
[Ma, 2001] [Vanhaecke, 2004] [Resano, 2006a]. The application of the 
dynamic reaction cell (DRC) pressurized with NH3 is eliminating this 
interference in an efficient way, as described above. Another determining 
influence that has to be taken into account is the availability of spike 
isotopes on the market. The nuclides selected for this study are displayed 
in Table 5-1.  
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Table 5-1 Laser ablation and ICP-MS instrument settings for PGMs, Ag 
and Au determination in fire assay Pb buttons. 
LA settings       
Beam diameter 150 µm 
  Laser repetition frequency 20 Hz 
  Laser energy density 6 J cm-² 
  Laser warm-up time 10 s 
  Ablation duration 30 s 
  He transport gas flow rate 0.6 L min-1 
 
     ICP-MS settings 
   Rf power 
 
1200 W 
  Ar make up gas flow rate 0.5 L min-1 
 
NH3 gas flow rate 0.2 mL min
-1 
 RPq-setting 0.3 
  Scanning mode peak hopping 
 Settling time 200 µs 
  Dwell time per acquisition point 2 ms 
  
     Nuclides monitored 
   103Rh, 105Pd, 107Ag, 108Pd, 109Ag, 194Pt, 195Pt, 197Au, 204Pb 
          
 
An optimization of the instrumental parameters, not only aiming at 
maximum signal intensities, but also endeavoring the best attainable 
isotope ratio precision, was included in the next step of the development. 
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Important parameters to be optimized for the latter purpose are the 
integration time per nuclide and the settling time (i.e. waiting time before 
monitoring the next nuclide). The shorter both time intervals are, the 
faster two isotopes are measured after one another and therefore, the 
better the isotope ratio precision [Begley, 1994] [Monna, 1998]. In 
practice, no significant difference was observed in terms of isotope ratio 
precision for different settling times ranging from 100 to 3000 µs; a low-
range settling time of 200 µs was selected. A low settling time decreases 
the time required per replicate, which is recommended for transient 
signals as provided by laser ablation. Helium was used as a carrier gas to 
efficiently transport the ablated material into the plasma and was admixed 
with argon downstream from the ablation cell. The use of helium as a 
carrier gas instead of argon was proven to reduce redeposition of ablated 
material around the ablation crater and to enhance the sensitivity 
[Gunther, 1999a] [Gunther, 1999b]. The resulting instrument settings are 
summarized in Table 5-1. 
 
5.2.3 Standards and samples 
To evaluate the performance of the isotope dilution method, three 
standards with known precious metal concentrations were treated as 
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samples. Two of them, standards EM5 and KS3 were prepared following 
the same procedure as for the multi-element lead button standard, 
described in section 5.2.4, while the third standard, disc 6, was prepared 
starting from assay grade Pb foil. This Pb foil was melted and cast into a 
conical ingot into which an appropriate aliquot of a PGM stock solution, 
prepared from pure metals, was dispensed using a Hamilton auto-dilutor. 
The ingots, containing the solution, were subsequently placed onto a hot 
plate at around 60°C to evaporate the solutions to dryness overnight. 
Next, the ingot with the dry salt inside was put into a graphite crucible, 
which was heated in a muffle furnace to 850 °C. After approximately 10 
minutes, when a homogeneous silvery melt was observed, the liquid was 
cast into a water-cooled graphite mould. After cooling, the mould was 
inverted and the button was removed. Finally, also the reference material 
SARM 66, originating from a flotation concentrate and commercially 
available from MINTEK (South Africa), was used as a sample. In contrast 
to all standards above, for this button (prepared from 7 g of reference 
material), separation of the molten lead and the assay slag was done in an 
inert atmosphere [Resano, 2006a]. 
For comparison purposes, also external calibration versus matrix-matched 
lead standards (other than those used for isotope dilution), was applied to 
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determine the concentrations of Pt, Pd, Rh, Ag and Au in the samples. All 
multi-element lead button standards, used for this purpose, were prepared 
starting from single-element mother alloys, generated by melting carefully 
weighed amounts of pure metal (Pt, Pd, Rh, Ag and Au) into pure lead 
using an induction melting furnace (Lifumat Met 3.3 from Linn High 
Therm). Thereafter, suitable amounts of the single-element mother alloys 
were combined and subjected to inductive melting to obtain a 
homogeneous button. If necessary, dilution was accomplished by adding 
pure Pb. The final concentrations of the lead button standards prepared in 
this way were also verified by spark-OES and ICP-OES (the latter after 
dissolution). 
One surface of all lead buttons was polished with a LaboPol-5 polishing 
machine from Stuers prior to the measurement in order to obtain a flat 
and smooth surface. 
 
5.2.4 Preparation of the spike and the isotope-diluted blend lead 
buttons 
In a first step, an isotopically enriched solid spike lead button was 
produced, for subsequent preparation of the isotope-diluted ‘blend’ lead 
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buttons. To this end, isotopically enriched spikes of Pt, Pd and Ag were 
used, enriched in 194Pt, 108Pd and 107Ag, respectively. These enriched spikes 
were purchased from Oak Ridge National Laboratory (Oak Ridge, 
Tennessee, U.S.). Original enrichment grades were between 91.5 and 
99.6%. An amount of approximately 5 mg (carefully weighed with a 
Mettler-Toledo MX5 balance) for all of the enriched spikes (all available 
as powdered metal), was packed into a pure lead foil. Next to the 
isotopically enriched metals, also metals with natural abundance were 
added to the spike button to obtain isotope ratios in the spike that could 
be measured more easily with ICP-MS (with signal intensities >> the 
background for the two isotopes involved). For the quantification of Rh 
and Au, single standard addition was relied upon and thus, also these 
metals were added into the ‘spike’ button. For both aforementioned 
purposes, appropriate masses of Pt, Pd, Ag and Au of natural isotopic 
composition were wrapped as solids (wire or foil) into a lead foil and 
suitable quantities of a Rh 10 g L-1 stock solution (Specpure®, Alfa Aesar) 
was weighed into a glass vial. Subsequently, the different lead foils, 
containing the isotopically enriched or natural metals were put into a fire 
assay crucible, together with the glass vial and approximately 150 g of lead 
flux. It is important that the glass vial is totally covered with lead flux, to 
avoid absorption of the standard solution in the crucible material during 
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melting. After the fire assay, an isotopically enriched ‘spike’ lead button of 
74.02 g was obtained, which was subsequently subjected to inductive 
melting twice as an attempt to improve its homogeneity. 
The next step of the isotope dilution process consisted of the preparation 
of the isotope-diluted ‘blend’ lead buttons. Suitable portions of the spike 
button and every sample (lead button) to be analysed were fused together 
in the induction furnace during 100 s to obtain equilibration of the spike 
and sample isotopes. The melt was subsequently centrifuged into a 
cylindrical mould, resulting in a lead button of about 45 - 60 g. The 
amount of the spike button added to each sample was selected such as to 
get an optimum analyte/spike ratio, obtained when Rblend  (Rsample . 
Rspike)
1/2 [Vanhaecke, 1999]. 
 
5.3 Results and discussion 
5.3.1 Mass discrimination 
When measuring isotope ratios by ICP-MS, the effect of mass 
discrimination cannot be ignored [Encinar, 2001a] [Rodríguez-González, 
2005]. Different strategies can be employed to correct for this mass 
discrimination effect [Encinar, 2001b] [Haas, 2001], e.g., the use of a 
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sample of known isotopic composition as external standard. However, 
when isotope dilution is applied as calibration method and all isotope 
ratios (for the sample, the spike and the blend) are determined 
experimentally, mass discrimination is sufficiently compensated for in the 
isotope dilution equation thus, making the correction for mass 
discrimination redundant [Longerich, 1989]. 
 
5.3.2 Spike homogeneity 
A solid sampling technique as laser ablation requires sufficiently 
homogeneous samples, due to the small volume of sample that is ablated 
per analysis and transported into the ICP. Moreover, when only a fraction 
of a lead button or spike is utilized to prepare the blend button, the 
elemental content and its isotopic composition in that piece must be 
statistically undistinguishable from those of the entire lead button. It was 
therefore considered of great importance to check the homogeneity of the 
spike button before going to the next step of the development. A first 
inductive melting procedure was applied to the spike lead button to 
ensure good equilibration of the isotopes and thus to ameliorate its 
homogeneity. The experimentally obtained isotope ratios corresponded 
within 1 - 3 % with the theoretically calculated values. To verify the 
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homogeneity of the spike button, ablation under the conditions 
summarized in Table 5-1 at 21 randomly selected locations on the upper 
surface of the button and 18 similar ablations on the bottom surface were 
performed. The precision of the measured isotope ratios for Pt, Pd and 
Ag at the different locations is an indication of the equilibration of the 
isotopes during fire assay and inductive melting. The RSD values of the 
different isotope ratios for 39 measurements of the spike lead button after 
the first inductive melting are shown in Table 5-2. RSD values lower than 
1.5 % were obtained. The difference between isotope ratios for top and 
bottom surface, respectively, is not higher than the differences in-between 
the results for one surface. A t-test comparing the average isotope ratios 
obtained for top and bottom surface, respectively, showed no significant 
difference.  
 
Table 5-2 RSD values for the different isotope ratios for 39 
measurements of the spike lead button after the first and second inductive 
melting. 
RSD (%) 
105Pd/108Pd 107Ag/109Ag 194Pt/195Pt 
Isotope ratio - after 1st melting 1.44% 1.26% 0.57% 
Isotope ratio - after 2nd melting 0.69% 0.81% 0.55% 
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A second inductive melting of the spike buttons was applied in an attempt 
to further improve the isotope ratio precision, and also these results are 
displayed in Table 5-2. This spike button was also ablated on 21 and 18 
randomly selected locations on the top and bottom surface, respectively, 
and RSD values lower than 0.8 % were obtained. Also for the spike 
button obtained upon the second inductive melting, the difference in 
isotope ratio between top and bottom surface is not higher than the 
differences in-between the results for the same surface. A t-test 
comparing the average isotope ratios for top and bottom surface, 
respectively, showed no significant difference between both surfaces 
either.  
As the spike button contains Pt, Pd and Ag from two sources – the 
isotopically enriched spike and standard of natural isotopic composition – 
homogeneity in terms of isotope ratios indicates proper mixing of the 
isotopes. The homogeneity of the lead button was also tested in terms of 
target element contents via LA-ICP-MS. RSD values obtained for 39 
measurements at different locations on the spike button are generally 
ranging between 8 - 10 %, which is not higher than the precision typically 
obtained for LA-ICP-MS analysis of similar samples [Vanhaecke, 2004] 
[Resano, 2006a]. 
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5.3.3 Pt, Pd and Ag determination by LA-ICP-IDMS 
Pt, Pd and Ag were determined in four samples (more information given 
previously) via isotope dilution mass spectrometry. For Pt and Ag, for 
which the spikes were enriched in the lighter isotope, the number of 
moles of analyte element present in the unknown sample (nsample) is equal to 
spike
samplemix
mixspike
spike
sample
natsample
n
RR
RR
R
R
n 1
1
1





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
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




 
where Rsample, Rspike and Rmix represent the measured isotopes ratios (thus 
uncorrected for mass discrimination) for the sample button, the spike 
button and the blend button, respectively, 1nspike the number of moles of 
the lighter isotope originating from the spike button and added into the 
blend button and natθ1 the natural relative isotopic abundance of that 
isotope [Vandecasteele, 2003]. As the Pd spike was enriched in the heavier 
isotope, the number of moles of this analyte element in the sample (nsample) 
was calculated via 
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where 2nspike represents the number of moles of the heavier isotope 
originating from the spike button and added into the blend button and 
natθ2 the natural relative isotopic abundance of that isotope [Vandecasteele, 
2003]. The element concentration in the sample can then be converted 
into in µg g-1 relying on the molar mass of the element under investigation 
and the mass of sample added into the blend. 
All lead samples were analyzed by ablation at five randomly selected 
locations across the polished surface under the conditions mentioned in 
Table 5-1. For every nuclide monitored, the signal intensity was plotted as 
function of time and an integration interval of 19 s was selected per 
ablation. The intensities were then corrected for the gas blank, expressed 
as average intensity for the 19 s interval preceding the first ablation. The 
LA-ICP-ID-MS results obtained for the samples EM5, KS3, disc 6 and 
SARM 66 are presented in Table 5-3, together with their measurement 
uncertainty, expressed as standard deviation, which is calculated according 
to error propagation (the contribution from the fire assay process not 
taken into account). Also the reference concentration values, based on 
previous gravimetric and/or other spectrochemical analysis or (in case of 
SARM 66) taken from the certificate, are given in this table. 
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Table 5-3 Reference concentrations, experimental values determined via 
isotope dilution and via external calibration for the determination of Pt, 
Pd and Ag in lead samples. 
  Reference value 
Experimental result 
Isotope dilution 
Experimental result 
External calibration 
Pt/µg g-1 
   Sample EM5 98.0 ± 2.0 98.87 ± 0.23 95.45 ± 0.55 
Sample KS3 9.60 ± 0.20 9.93 ± 0.10 10.16 ± 0.57 
Sample disc 6 30.00 ± 0.60 30.80 ± 0.58 27.05 ± 0.54 
Sample SARM 66 11.87 ± 0.42 12.38 ± 0.11 8.92 ± 0.57 
    Pd/µg g-1 
   Sample EM5 99.0 ± 2.0 98.35 ± 0.19 95.2 ± 1.9 
Sample KS3 10.50 ± 0.21 10.26 ± 0.16 9.1 ± 2.0 
Sample disc 6 15.00 ± 0.30 14.97 ± 0.32 15.2 ± 2.0 
Sample SARM 66 6.34 ± 0.58 6.33 ± 0.12 7.0 ± 2.0 
    Ag/µg g-1 
   Sample EM5 108.0 ± 2.2 109.94 ± 0.21 101.31 ± 0.49 
Sample KS3 52.9 ± 1.1 54.49 ± 0.16 50.57 ± 0.33 
    
 
In addition to quantification via isotope dilution, also external calibration 
was used for the determination of precious metals in the same samples. 
Different matrix-matched standards (3 for Rh; 4 for Pd, Ag and Au; 5 for 
Pt) with precious metal concentrations between 0 and 200 µg g-1 were 
measured to construct calibration curves and the experimental 
concentrations in the samples were subsequently calculated. In this case, 
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the analyte signals were normalized using the intensity of 204Pb+ to correct 
for variations in sampling rate and sample transport efficiency, matrix 
effects and signal drift and instability. Similar internal standardization was 
also previously used in the analysis of Pb fire assay buttons [Vanhaecke, 
2004] [Resano, 2006a] [Vanhaecke, 2010] [Compernolle, 2011]. To 
compare the performance of external calibration and isotope dilution, also 
the concentration values obtained via external calibration are included in 
Table 5-3. Uncertainties are given as standard deviations, not taken into 
account the contribution from the fire assay process or the uncertainty on 
target element concentrations in the standard Pb buttons. For Pd, Pt and 
Ag, it was verified that the different isotopes give rise to final results that 
do not show a significant difference. 
Based on the information displayed in Table 5-3, a comparison can be 
made between the isotope dilution results and those obtained via external 
calibration. The isotope dilution results are more accurate than the 
external calibration ones, for every sample and for every element, 
illustrated by a lower average deviation between the experimental results 
obtained via isotope dilution and the corresponding reference values 
(≈1.9%), compared to external calibration (≈8.3%) for the determination 
of Pt, Pd and Ag. For 7 out of 10 cases, no significant difference is 
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established between the concentration obtained via isotope dilution and 
the corresponding reference value at a confidence level of 95%, although 
the contribution from the sample pretreatment (fire assay) to the total 
uncertainty has not even been taken into account. In the case of external 
calibration, only in 4 out of 10 cases the difference is not significant. At a 
confidence level of 99%, no bias between a result obtained via isotope 
dilution and the corresponding reference value is statistically significant, 
while in the case of external calibration, the difference still is significant in 
3 out of the 10 cases. The results obtained via isotope dilution were also 
shown to be more precise than those obtained via external calibration. 
Thus, from Table 5-3, it can be concluded that isotope dilution as a 
calibration method is resulting in highly accurate and precise results, 
especially considering that all sample, spike and blend buttons are solid 
samples and laser ablation was used as sample introduction system. 
 
5.3.4 Au and Rh determination by single standard addition LA-ICP-MS 
and internal standardization 
The mono-isotopic elements Au and Rh are not amenable to 
quantification via isotope dilution and therefore, first, single standard 
addition was used for their determination in the samples. In this study, the 
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blend lead button, which was used for isotope dilution analysis, was also 
considered as standard-added sample. In this way, isotope dilution and 
standard addition could be combined in the same measurement. The spike 
lead button did not only contain Pt, Pd and Ag in a modified isotopic 
composition, but also Au and Rh, in such a concentration to result in 
suitable concentrations in the blend lead button - for single standard 
addition, the amount of analyte element added should at least be equal to 
that originally present to avoid high uncertainties. In this strategy, to the 
Au and Rh originating from the sample to be analyzed, a proper amount 
of Au and Rh originating from the spike button is added. Thus, the 
analyte concentrations in the standard-added sample originating from the 
sample or from the spike are depending on the amount of sample and 
spike melted together. The mass of sample (msample) and spike (mspike) used 
for preparing the blend button need to be taken into account when 
calculating the concentration in the sample. The following equation was 
used to calculate the Au and Rh concentration in the samples (csample): 
𝑐𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑐𝑠𝑝𝑖𝑘𝑒 .𝑚𝑠𝑝𝑖𝑘𝑒 .
(𝐼𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐼𝑏𝑙𝑎𝑛𝑘 )
(𝑚𝑚𝑖𝑥 . 𝐼𝑚𝑖𝑥 −𝑚𝑠𝑎𝑚𝑝𝑙𝑒 . 𝐼𝑠𝑎𝑚𝑝𝑙𝑒 )
 
where cspike represents the concentration of the analyte in the spike button, 
mmix the mass of the blend button and Isample, Ispike and Imix the 
204Pb-
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normalized intensities for the analyte in the sample, spike and blend 
button, respectively. The resulting concentrations for Au and Rh in the 
samples are shown in Table 5-4, together with the reference values and 
the values obtained via external calibration. For the results based on 
standard addition, uncertainties, expressed as standard deviations, were 
calculated according to error propagation. Uncertainties of the results 
obtained via external calibration are expressed as standard deviation, not 
taken into account the contribution from the fire assay process or the 
uncertainty on target element concentrations in the standard Pb buttons. 
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Table 5-4 Reference concentrations and concentrations determined via single standard addition and via external 
calibration for the determination of Au and Rh in lead samples. 
  Reference 
Experimental result 
Standard addition 
Experimental result 
Internal standard 
Experimental result 
External calibration 
Au/µg g-1 
  
 
 Sample EM5 105.0 ± 2.1 88.2 ± 2.3 94.3 ± 5.2 90.20 ± 0.54 
Sample KS3 39.70 ± 0.80 35.3 ±1.2 35.2 ± 2.4 32.92 ± 0.53 
Sample disc 6 9.00 ± 0.18 19.3 ± 2.7 14.3 ± 2.2 12.12 ± 0.56 
Sample SARM 66 0.070 ± 0.003 < LOQ < LOQ < LOQ 
   
 
 Rh/µg g-1 
  
 
 Sample EM5 100.0 ± 2.0 103.4 ± 2.5 105.3 ± 5.6 87.4 ± 2.1 
Sample KS3 9.80 ± 0.20 10.43 ±0.30 11.05 ± 0.63 10.7 ± 2.4 
Sample disc 6 9.00 ± 0.18 9.67 ± 0.40 9.01 ± 0.58 9.9 ± 2.4 
Sample SARM 66 2.14 ± 0.22 3.50 ± 0.58 2.23 ± 0.33 4.1 ± 2.4 
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As displayed in Table 5-4, better results are obtained using standard 
addition for the determination of Rh in the samples investigated, in 
contrast to the situation for Au. The concentration of Au in sample 
SARM 66 is too low to be determined by the proposed techniques, as the 
detection limit for Au is 0.08 µg g-1. Nevertheless, there is no significant 
difference (at 95% confidence level) between both methods investigated 
for the determination of Au and Rh. When comparing the experimentally 
obtained concentrations with the reference values, all concentrations 
obtained via single standard addition (not considering the Au 
concentration in sample SARM 66) are significantly different (at 95% 
confidence level) from the reference values, while for the concentrations 
obtained via external calibration, 3 out of 7 do not differ significantly. 
However, the latter can be attributed to the high standard deviations of 
the lower Rh concentrations. These higher standard deviations result from 
the fact that the Rh calibration curve fits the experimental data worse in 
the lower concentration range. 
Finally, also internal standardization [Beary, 1995] was applied for the 
determination of Au and Rh in the samples. This strategy involves the use 
of an isotope of another element present in the sample and with a mass 
number close to that of the element to be determined as internal standard. 
In this study, 105Pd and 194Pt were selected as internal standard for the 
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determination of Rh and Au, respectively. In a first step, the relative 
sensitivity factor (RSF) of Rh and Au versus their internal standard was 
determined based on the known concentrations of target element and 
internal standard in the spike button and the corresponding signal 
intensities obtained upon LA-ICP-MS analysis of that spike button. 
Thereafter, Rh and Au were determined in every sample using the 
calculated RSF values, the concentrations of 105Pd and 194Pt in the sample 
as obtained via ID analysis and the signal intensities for all of the nuclides 
of interest as obtained by sample measurement. The resulting Rh and Au 
concentrations are included in Table 5-4, together with their uncertainty, 
expressed as standard deviation, and calculated according to error 
propagation. 
The internal standard method also provided better results for Rh than for 
Au. At first sight, the concentrations obtained via internal standardization 
seem to be slightly better than those obtained via single standard addition, 
but there is no significant difference between the results obtained by 
single standard addition, internal standardization or external calibration. 
When comparing the experimentally obtained concentrations with the 
reference values, 3 out of 7 concentrations obtained via internal 
standardization (not considering the Au concentration in sample SARM 
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66) do not differ significantly (at 95% confidence level) from the reference 
values; i.e. the same outcome as for external calibration. 
 
5.4 Conclusions 
In this study, a combination of isotope dilution and single standard 
addition / internal standardization (for the mono-isotopic elements) was 
evaluated as a calibration method for the determination of precious metals 
in lead buttons. The spike button produced using isotopically enriched 
metals was shown to be homogeneous in terms of isotope ratios and 
elemental concentrations following additional treatment via induction 
heating, thus ensuring proper isotopic equilibration. Isotope dilution was 
shown to provide very accurate results for the determination of Pt, Pd and 
Ag in the lead fire assay buttons, illustrated by an average deviation 
between the experimentally obtained concentrations and the reference 
values of < 2%, compared to ≈ 8% for external calibration. 7 out of 10 
concentrations obtained via isotope dilution do not differ significantly (at 
95% confidence level) from the reference values. For the mono-isotopic 
elements Au and Rh, single standard addition and internal standardization 
were examined as an alternative. Unfortunately, no significant difference 
was observed between the concentrations calculated via single standard 
CHAPTER 5 – ISOTOPE DILUTION AND SINGLE STANDARD ADDITION FOR THE 
DETERMINATION OF PRECIOUS METALS IN LEAD FIRE ASSAY BUTTONS BY LA-ICP-MS 
 
163 
 
addition, via internal standardization and via external calibration, 
respectively, which was in contrast to what was originally expected. The 
application of isotope dilution and standard addition for the solid samples 
investigated in this work is somehow a challenge, certainly in comparison 
with liquid samples. Therefore, in the context described, isotope dilution 
can hardly be considered applicable to routine analysis. It however serves 
two other very important purposes. (1) It provides a benchmark to which 
results obtained via external calibration can be compared to. By 
comparing the figures of merit theoretically required for the analysis to be 
(industrially and economically) relevant to the ID results, it can be a priori 
decided whether or not LA-ICP-MS is adequate and an attempt to 
improve the figures of merit obtained via external calibration meaningful. 
(2) LA-ICP-IDMS can be deployed for obtaining reference values. 
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This chapter is based on a paper by Sien Compernolle, Dorine Wambeke, Ine De 
Raedt, Kristof Kimpe and Frank Vanhaecke, published in “Journal of Analytical 
Atomic Spectrometry”, entitled: “Direct determination of Pd, Pt and Rh in fire assay 
lead buttons by Laser Ablation - ICP - OES: automotive exhaust catalysts as an 
example”. (J. Anal. At. Spectrom., 2011, 26, 1679) 
 
6.1 Introduction 
Although the set-up of laser ablation in combination with inductively 
coupled plasma - optical emission spectrometry (LA-ICP-OES) is not yet 
established as a routine analysis technique in industrial labs, it is worth 
exploring its capabilities and limitations as an alternative for spark source - 
OES for metal analysis. ICP - optical emission spectrometry is a relatively 
inexpensive, user-friendly and flexible analysis technique, although its 
detection power is lower than that of ICP-MS. The determination of Pd, 
Pt and Rh in spent automotive catalytic converters in the context of 
recycling was used as a relevant case study. Because the platinum group 
metal content is relatively high in these samples, the resulting fire assay 
lead buttons are also containing higher concentrations of Pd, Pt and Rh, 
reducing the importance of an extremely high detection power of the 
technique applied. To further compensate for the lower sensitivity of ICP-
CHAPTER 6 – DIRECT DETERMINATION OF PD, PT AND RH IN FIRE ASSAY LEAD BUTTONS BY 
LA-ICP-OES: AUTOMOTIVE EXHAUST CATALYSTS AS AN EXAMPLE  
 
172 
 
OES, a laser ablation system characterized by a large beam size (beam 
diameter of 780 µm with sampled volume ~ r2) was selected. The larger 
sized beam and thus, larger volume sampled, should also lead to an 
improved precision. Moreover, the simultaneous detection capabilities of 
the ICP-OES instrumentation deployed is ameliorating the method 
precision even further. In addition, spectral overlap in the emission 
spectrum of the samples can be easily avoided by a careful selection of the 
emission wavelengths monitored. Previous research has been performed 
on the direct determination of Pd, Pt and Rh in automobile exhaust 
catalysts, without the isolation of the target elements by Pb fire assay 
[Kallmann, 1980] [Borisov, 1997] [Wayne, 1997] [Pennebaker, 2001], 
however, this is beyond the purpose of this work, as a general method for 
the determination of Pd, Pt, Rh in lead fire assay buttons was intended to 
be developed using automotive catalytic converters as an example of 
target samples. 
The capabilities of laser ablation in combination with ICP - optical 
emission spectrometry for the determination of Pd, Pt and Rh in fire assay 
lead buttons of automotive exhaust catalysts were evaluated. A set of 
matrix-matched standards was deployed to construct calibration curves 
for the elements of interest, which were subsequently applied for the 
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accurate determination of Pd, Pt and Rh in some real-life samples. Also, 
the figures of merit of the LA-ICP-OES method developed are discussed 
and critically evaluated. 
 
6.2 Experimental 
6.2.1 Instrumentation 
All measurements were performed using the UP266 MACRO laser 
ablation system from New Wave Research (ESI), coupled to an Arcos 
ICP-OES unit from Spectro, both shown in Figure 6-1. The UP266 
MACRO is a 266 nm Nd:YAG-based laser ablation unit, providing a laser 
beam characterized by a large diameter and thus, especially suited for 
techniques which require/allow higher sample input, such as ICP-OES 
(due to its modest sensitivity). One way to perform ablation is to focus the 
laser beam onto one specific position on the sample surface, leading to a 
crater of several µm in depth; this approach is called drilling. On the other 
hand, the laser beam can also be translated along the sample surface 
according to a defined speed and pattern, ablating only the top layer of the 
sample; this approach is called rastering. The Spectro Arcos is outfitted 
with a spectrometer in Paschen-Runge mount, equipped with 32 linear 
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arrays of CCD detector units, providing the capability of simultaneous 
monitoring of trace element intensities at wavelengths between 130 and 
770 nm. This instrument is also characterized by a high spectral resolution 
and a fast read-out system, which allows processing transient signals with 
a frequency up to 10 Hz. Both units were connected using 3 mm internal 
diameter Tygon tubing. 
 
Figure 6-1 Left picture: Spectro Arcos ICP-OES instrument 
Right picture: NWR UP266 MACRO 
Optimization of the instrumental parameters, aiming at maximum signal 
intensities, was performed using a lead standard containing approximately 
200 µg g-1 of Pd, Pt and Rh. Helium was used as carrier gas to effectively 
transport the ablated material to the plasma and was mixed with an argon 
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gas flow downstream from the ablation cell. The use of helium as a carrier 
gas instead of argon was proven to reduce the redeposition of particles 
around the ablation crater and to improve the sensitivity and, 
consequently, the limits of detection [Gunther, 1999a] [Gunther, 1999b]. 
Different combinations of helium and argon gas flow rates were examined 
during the optimization phase. Values ranging between 0.4 L min-1 and 0.9 
L min-1 were investigated, both for argon and helium, with a maximum 
total flow rate of 1.6 L min-1. The resulting instrument settings and the 
wavelengths monitored are summarized in Table 6-1. As seen in Table 6-
1, the capability of simultaneous monitoring also provided the possibility 
of using the intensity of an emission line of the matrix element Pb (> 
99%) for normalization (internal reference). 
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Table 6-1 Instrument settings and wavelengths monitored 
for LA-ICP-OES analysis of fire assay Pb buttons 
   
Laser Ablation settings 
 
Laser energy density ± 7 J cm-² 
Pulse frequency 10 Hz 
Beam diameter 780 µm 
Scan speed (rastering) 20 µm s-1 
Carrier gas flow rate (He) 0.7 L min-1 
ICP-OES settings  
Plasma power 1300 W 
Make-up gas flow rate (Ar) 0.4 L min-1 
Auxiliary gas flow rate (Ar) 1.0 L min-1 
Plasma gas flow rate (Ar) 12 L min-1 
Wavelengths monitored  
Pd 324.270 nm - Pd 340.458 nm 
Pt 214.423 nm - Pt 265.945 nm 
Rh 233.477 nm - Rh 343.489 nm 
Pb 438.646 nm 
 
 
 
The Spectro Arcos software offers different modes for data acquisition. 
With continuous sample introduction (i.e., pneumatic nebulization), data 
collection is usually carried out in the „method mode‟, while the „transient 
mode‟ is used for processing transient signals. Both data acquisition 
modes were applied for the analysis of fire assay lead buttons using laser 
ablation as sample introduction system. Self-evidently, laser ablation is 
characterized by a transient, not a continuous sample introduction. 
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Therefore, when using the „method mode‟, a pseudo-continuous sample 
supply was generated by ablating according to a long line and the data 
acquisition parameters were adapted to the limited duration of the sample 
flow. In order to better understand the data acquisition procedure, both 
data acquisition modes of the software will first be concisely described. 
In „method mode‟, signal collection by the CCD detectors and their 
subsequent read-out occur in a (pre-)defined number of different, 
consecutive phases. Every phase is characterized by a user-defined time 
interval, called integration interval, during which the detector is collecting 
signal. The duration of the integration interval defines the maximum 
measurable intensity during this phase, as the absolute intensity that can 
be collected by a CCD detector is limited. If the integration interval is too 
long, the detector will get saturated for highly intense emission lines, 
resulting in an underestimation of the signal intensity expressed in counts 
per second (cps). At the end of the signal acquisition in a certain phase, 
read-out of the CCD detectors occurs, before going to the next phase, 
which again consists of an integration (with different duration) and a read-
out interval. Once all phases (maximum 5) are completed, the system 
chooses the most suitable phase (i.e. with the most suited duration of the 
integration interval) to calculate the signal intensity at each wavelength. 
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Depending on the needs of the analysis (e.g., best signal-to-noise ratio, 
highest speed, highest sensitivity, …), the number of phases and their 
integration interval can be selected. Data acquired in „method mode‟ 
cannot only be reported as raw intensities, but for example also as 
background-corrected results via the use of different background 
correction algorithms, chosen by the operator. The latter property is the 
reason why the „method mode‟ was considered worthwhile to be included 
in this study, even if it is an unusual approach for the acquisition of 
transient signals. As previously mentioned, the sample was ablated 
according to a long line to produce a pseudo-continuous sample supply to 
the plasma when using this data acquisition mode. 
On the other hand, the „fast transient mode‟ of the Spectro Arcos 
software was utilized to analyze the transient signals produced by the laser 
ablation introduction system. This mode consists of the acquisition of raw 
intensities without further data handling and enables frequencies up to 10 
Hz, depending on the integration interval selected. Acquisition in this 
mode is done in one phase only, and only the integration interval (time 
interval during which the system collects data), the sampling rate 
(frequency at which data points are collected by the system) and total 
acquisition time can be selected by the user. The maximum measurable 
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intensity is automatically calculated by the system once the integration 
interval has been selected. Thus, it is important to select a suitable 
integration interval depending on the intensity values expected or even 
more important, to select suitable emission lines for every element of 
interest, in order to obtain signals of appropriate intensities. This working 
method is characterized by very fast data collection, but only raw 
intensities are available and visualization of the full spectrum is not 
possible. Ablation in this mode was done according to two different 
strategies, both drilling (i.e., at different spots) and rastering (i.e., ablation 
according to different lines). 
The wavelengths selected for the elements of interest are listed in Table 6-
1. Their selection was based on the intensity of the emission line and the 
absence of interferences. The latter was checked using single-element 
solutions of the target and the interfering elements and solutions 
containing the target element and a set of potentially interfering elements, 
including both non-target elements (e.g., Pb, Fe, Al, Ni,…) and other 
target elements. For none of the wavelengths selected, a meaningful 
interference was found. 
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6.2.2 Standards and samples 
Calibration in solid sampling techniques is often hindered by the lack of 
proper matrix-matched standards. Fortunately, the matrix composition of 
the target samples in this research is relatively simple (≥99% Pb), which 
facilitated the manufacturing of matrix-matched standards. All multi-
element lead button standards were prepared starting from single-element 
mother alloys, generated by melting carefully weighed amounts of pure 
precious metal into pure lead using an induction melting furnace (Lifumat 
Met 3.3 from Linn High Therm). Thereafter, suitable amounts of the 
single-element mother alloys were combined and subjected to inductive 
melting to obtain a homogeneous button. If necessary, dilution was 
accomplished by adding additional pure Pb. The final concentrations of 
the prepared lead button standards were checked by spark-OES and ICP-
OES after dissolution. 
Two real-life samples were utilized in this work, prepared by fire assay of 
an automotive exhaust catalyst. The first sample, a ceramic-based 
automotive catalyst, contains Pd, Pt and Rh in concentrations between 
250 and 2000 µg g-1. From this sample, 5 g was used for producing a lead 
fire assay button of approximately 65 g and thus, final concentrations 
between 20 and 150 µg g-1 were obtained. The other real-life sample, a 
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metal-based automotive catalyst, shows Pd, Pt and Rh contents between 
600 and 2500 µg g-1. In this case, 2.5 g was used for preparing a lead 
button of 65 g, thus containing between 25 and 100 µg g-1 of the elements 
of interest.  
The surface of both standards and samples were milled and polished prior 
to the measurement in order to obtain a flat and smooth surface. 
 
6.3 Results and discussion 
6.3.1 Calibration using matrix-matched standards 
Due to interaction of the 266 nm laser beam with the lead sample, some 
thermal effects will occur at the sample surface. The low vaporization 
temperature of lead compared to those of Pd, Pt and Rh could result in 
elemental fractionation effects during ablation [Motelica-Heino, 2001]. In 
addition, it has been demonstrated that – in general – the use of a 266 nm 
laser beam in comparison with a 193 nm laser beam leads to a more 
pronounced size-dependent elemental composition of the released 
particles [Guillong, 2002] [Guillong, 2003] [Kroslakova, 2007]. As a result, 
matrix-matched calibration is required for obtaining precise and accurate 
results, but was feasible owing to the known and simple matrix 
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composition. Quantification was accomplished via external calibration 
using matrix-matched lead button standards with known concentrations 
of Pd, Pt and Rh. Measurements were performed using the parameters 
summarized in Table 6-1. For analysis in „method mode‟ of the Spectro 
Arcos software, ablation was accomplished according to a line with a 
length of 2.5 mm, using a lateral speed of 20 µm s-1, resulting in semi-
continuous sample input during 125 s. During this period, but after a 
plasma stabilization time, 10 consecutive integrations with a duration of 3 
s each were performed, each consisting of 4 phases of 1, 1, 0.5 and 0.5 s 
and their corresponding integration intervals of respectively 1000, 100, 10 
and 1 ms. Three replicate measurements were performed for every lead 
button. The intensities of the emission lines monitored were first 
background-corrected by the software and thereafter normalized to the 
intensity of the Pb 438.646 nm emission line to correct for variations in 
sampling rate, sample transport and instrument sensitivity. Similar internal 
standardization was also applied previously to the analysis of fire assay 
lead buttons with mass spectrometric techniques [Vanhaecke, 2004] 
[Resano, 2006] [Vanhaecke, 2010]. Analysis in „fast transient mode‟ was 
done by ablation at 5 randomly selected spots with a 30 s dwell time on 
one hand and by ablation according to 5 randomly selected lines with a 
length of 1 mm on the other hand, with intervals of 60 s between two 
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subsequent ablations. These two ablation strategies will be further 
evaluated in terms of linearity, accuracy, precision and limits of detection. 
An integration interval of 100 ms and a sampling rate of 2 Hz was 
selected for a total run time between 500 and 750 s, depending on the 
ablation procedure. The emission line intensities obtained were corrected 
for the gas blank and subsequently normalized to the Pb 438.646 nm 
emission line intensity for internal standardization. Automated 
background correction is in this operating mode not possible, as 
mentioned above. 
Four standard lead buttons, containing Pd, Pt and Rh concentrations 
between 0 and 200 µg g-1, were utilized to construct the calibration curves. 
For Pd, the concentrations of the standards were 0, 21.8, 50.4 and 197.0 
µg g-1, for Pt 0, 19.6, 49.0 and 201.4 µg g-1 and for Rh 0, 23.0, 52.7 and 
189.4 µg g-1. The blank levels measured when ablating the “blank” (0 µg g-
1) Pb button were barely higher than the corresponding gas blanks. For 
each of the lines monitored, the intensities of every standard were plotted 
as a function of the corresponding target element concentration and the 
best fitting straight line through the data points thus obtained was 
calculated using the least squares method. The regression coefficients of 
the resulting calibrations curves are shown in Table 6-2. 
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Table 6-2 Regression coefficients of the calibration curves constructed 
based on data obtained via different acquisition strategies 
Emission line Transient drill Transient raster Method mode 
Pd 324.270 nm 0.9995 0.9990 0.9993 
Pd 340.458 nm 0.9999 0.9989 0.9992 
Pt 214.423 nm 0.9995 0.9998 0.9995 
Pt 265.945 nm 0.9996 0.9996 0.9855 
Rh 233.477 nm 1.0000 0.9999 0.9999 
Rh 343.489 nm 0.9999 0.9997 0.9997 
 
 
For all of the data acquisition strategies investigated, highly satisfying 
values were obtained for the regression coefficients of the calibration 
curves. The transient acquisition mode in combination with spot ablation 
led to regression coefficients ≥0.9995 in all cases. The values for the Rh 
emission lines are somewhat higher than for the other emission lines, 
probably as a result of a more homogeneous distribution of Rh in the Pb 
button. In general, no significant differences were observed between the 
values provided by the three strategies. The regression coefficient for the 
calibration curve for Pt at a wavelength of 265.945 nm in „method mode‟ 
is remarkably lower than the other values. In the spectral region of this 
specific Pt line, the baseline was very locally enhanced. The origin of this 
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very local and unusual baseline phenomenon has not been revealed. As a 
consequence, the Pt concentrations calculated based on this calibration 
curve have a relatively high standard deviation. 
To evaluate the applicability of the calibration curves, two real-life 
samples were analyzed by the method proposed and their corresponding 
concentrations were calculated based on the calibration lines constructed. 
The experimental results obtained using the different acquisition strategies 
(method mode, transient drilling, transient rastering) and based on the 
calibration curves constructed as described previously are illustrated in 
Figure 6-2, together with their respective standard deviations [Miller, 
2005] and the corresponding reference values. These reference values 
were determined by cupellation of the fire assay Pb button, several wet-
chemical steps and final analysis by ICP-OES. The uncertainties given for 
the reference values are the uncertainties of the total process, from sample 
preparation until the final analysis. The experimental results for all the 
calibration strategies are in good agreement with the corresponding 
reference values thus obtained, even when only taking into account the 
measurement uncertainty on the LA-ICP-OES results. 
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Figure 6-2 Reference values and LA-ICP-OES results using different 
acquisition strategies (in µg g-1) for the Pd, Pt and Rh contents in real-life 
fire assay samples 
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6.3.2 Figures of merit 
The limits of detection (LODs) based on the emission lines selected are 
shown in Table 6-3 for every acquisition strategy. These values were 
calculated according to IUPAC‟s 3s-criterium [Long, 1983], using a pure 
lead button as blank sample. The table shows that the analysis of Pd, Pt 
and Rh in fire assay lead buttons is providing similar detection limits for 
all the calibration strategies applied. 
 
Table 6-3 Limits of detection (in µg g-1) for the wavelengths of interest, 
determined by LA-ICP-OES of fire assay lead buttons 
Emission line Transient drill Transient raster Method mode                         
Pd 324.270 nm 4.4 12 5.5 
Pd 340.458 nm 4.1 7.6 4.4 
Pt 214.423 nm 2.5 2.8 2.7 
Pt 265.945 nm 8.2 5.9 10 
Rh 233.477 nm 3.8 4.2 4.8 
Rh 343.489 nm 3.2 12 4.3 
 
 
The limits of detection for Pd, Pt and Rh in the real sample is dependent 
on the amount of sample and the amount of Pb flux that is used for the 
fire assay. Generally, a sample quantity between 1 and 5 g is taken for a 
final lead button weighing between 60 and 70 g. In order to obtain the 
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LODs in the real samples, the LODs for the Pb button need to be 
multiplied by a dilution factor equal to the final mass of the Pb button 
divided by the mass of the original sample that is employed for fire assay. 
The precision of the technique is illustrated in terms of the relative 
standard deviation (RSD) of the intensities for three (method mode) or 
five (fast transient mode) successive measurements on different locations 
of a lead standard containing approximately 200 µg g-1 of Pt, Pd and Rh. 
 
Table 6-4 Measurement precision (% RSD) at the wavelengths of interest, 
obtained in LA-ICP-OES analysis of a 200 µg g-1 lead standard 
Emission line Transient drill Transient raster Method mode 
Pd 324.270 nm 3.8% 3.2% 0.62% 
Pd 340.458 nm 3.9% 3.1% 0.46% 
Pt 214.423 nm 2.0% 5.4% 1.6% 
Pt 265.945 nm 2.3% 4.8% 1.4% 
Rh 233.477 nm 1.3% 3.3% 0.90% 
Rh 343.489 nm 1.2% 3.4% 0.85% 
 
 
As shown in Table 6-4, RSD values range from 0.5 to 5.5% for the 
measurement of Pd, Pt and Rh in a 200 µg g-1 lead standard. When 
measuring in fast transient mode while ablating at single spots, RSD 
values better than 4% are acquired for all wavelengths of interest. 
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However, LA-ICP-OES analysis in the standard operating mode, with a 
pseudo-continuous sample flow, provides the best results in terms of 
precision, with RSD values better than 1.6%. This can be explained by the 
larger spectral range that is used for data analysis. In „fast transient mode‟, 
the intensity at one emission wavelength only – corresponding to the peak 
maximum – is monitored, while in „method mode‟ a wider part of the 
spectral peak is taken into account. This corresponds to height 
measurement and surface measurement, respectively, with the latter being 
more robust than the former. In addition, spectral background correction 
is applied when working in „method mode‟, thus reducing the influence of 
background variation. In comparison to LA-ICP-MS, where a precision 
around 10% RSD was obtained [Vanhaecke, 2004], LA-ICP-OES is 
providing remarkable lower RSD values. This difference can be attributed 
to the larger spot diameter (780 µm compared to 120 µm) and thus, the 
larger sampling volume of the laser ablation system used in this work. 
Self-evidently, the figures summarized in Table 6-4 represent 
measurement precision only and for a full assessment of the uncertainty 
accompanying the analytical result, also other contributions (including 
sampling and sample preparation) have to be taken into account. 
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A Pb standard containing approximately 200 µg g-1 was measured in the 
beginning, in the middle and at the end of each measuring day. The 
variation of the background-corrected signal intensity of the emission 
lines monitored is typically ~10% within one day. Internal standardization 
allows to further improve this value to ~1.5%, which actually corresponds 
to the short term precision. 
After analysis of Pb buttons, cleaning of the ablation cell and replacement 
of the transfer tubing was sometimes required to overcome memory 
effects, but in no instance more persistent memory effects originating 
from the Pb matrix were noticed. 
 
6.4 Conclusions 
The capabilities of a combination of a UP266 MACRO Nd:YAG-based 
laser ablation unit with a Spectro Arcos simultaneous ICP - optical 
emission spectrometer for the determination of Pd, Pt and Rh in fire assay 
lead buttons were evaluated. Calibration curves were constructed based on 
a set of matrix-matched standards for analysis of some real-life samples. 
Three acquisition strategies are provided by the instrumentation software 
and all three are comparable in terms of regression coefficients, accuracy 
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and limits of detection. All but two of the calibration curves constructed 
have a regression coefficient of at least 0.999, while for the analysis of 
some real-life samples, prepared by fire assay of a ceramic-based and a 
metal-based automotive exhaust catalyst, the experimentally obtained 
results compare well with the reference values, taken into account the 
experimental uncertainty. The limits of detection attainable vary between 
2.5 and 12 µg g-1 and the method precision was shown to be typically < 
5%. Although the detection power might not be sufficient to tackle all 
kinds of samples (e.g., ores), LA-ICP-OES is a promising solid sampling 
technique for direct determination of Pd, Pt and Rh in lead fire assay 
buttons. 
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This chapter is based on a paper by Sien Compernolle, Jorge Pisonero, Nerea Bordel, 
Dorine Wambeke, Ine De Raedt, Kristof Kimpe, Alfredo Sanz-Medel and Frank 
Vanhaecke, published in “Analytica Chimica Acta”, entitled: “Evaluation of pulsed 
radiofrequency glow discharge time-of-flight mass spectrometry for precious metal 
determination in lead fire assay buttons”. (Anal. Chim. Acta, 2011, 701, 129) 
 
7.1 Introduction 
For the direct analysis of the solidified Pb buttons, spark-OES is often the 
method of choice, as it is providing sufficient precision (≤ 5% relative 
standard deviation), but the limits of detection for Au and Pt are 
sometimes not good enough to properly determine them. Laser ablation - 
ICP-MS (LA-ICP-MS) was also shown to be suitable and provides a 
higher detection power, but when using a quadrupole-based instrument, 
showing unit mass resolution only, a collision cell between the sampling 
interface and the mass spectrometer is required to eliminate the 
interference from the 206Pb2+-ion, affecting the 103Rh+ signal [Vanhaecke, 
2004] [Resano, 2006] [Vanhaecke, 2010] (cf. Chapter 5). Moreover, the use 
of laser ablation as a sample introduction system for ICP-MS leads to a 
somewhat poorer precision (≤10% RSD), because of the significant 
influence of micro-heterogeneity related to the low sampling volume (the 
CHAPTER 7 – EVALUATION OF PULSED RF GD-TOFMS FOR PRECIOUS METAL DETERMINATION 
IN LEAD FIRE ASSAY BUTTONS  
 
198 
 
laser beam diameter can be varied from < 5 to a couple of hundred µm, 
while the penetration per laser firing is typically < 1 µm). The use of a 
femtosecond based LA-system resulted in a better precision and accuracy 
[Vanhaecke, 2010], but can hardly be considered as an instrument suitable 
for routine applications in its current state. Glow discharge – sector field – 
MS reaches a precision similar to that of spark-OES, but a rather 
expensive double-focusing sector field mass spectrometer is necessary to 
deal with the interference caused by overlap of the 103Rh+ and 206Pb2+ ion 
[Resano, 2006].  
Pulsed radiofrequency (rf) glow discharge (GD) coupled to orthogonal 
time-of-flight mass spectrometry (TOFMS) was therefore investigated as a 
less expensive alternative. The operation of a glow discharge plasma in the 
pulsed mode offers the advantage of an increased sputter and ionization 
yield and therefore higher ion signal intensities compared to operation in 
the steady state mode. Furthermore, the time-resolved separation of 
analyte signals from background signals renders discrimination against 
certain spectral interferences possible [Klingler, 1990] [Klingler, 1991] 
[Steiner, 1997]. Time-of-flight mass spectrometry (TOFMS) is capable of 
fast data acquisition, making it ideally suited for combination with a 
pulsed rf glow discharge plasma source. Because of the high repetition 
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rate of the TOF extraction pulses (up to 100 kHz), a large number of 
spectra is generated within a short time interval and averaged, leading to a 
significant improvement in the signal-to-noise ratio [Harrison, 1996]. 
Pulsed rf GD-TOFMS proved to be a successful approach for various 
applications, such as polymer screening, glass analysis and depth profiling  
[Muniz, 2008] [Lobo, 2009] [Lobo, 2010] [Valledor, 2010]. 
This chapter discusses the capabilities of pulsed radiofrequency glow 
discharge time-of-flight mass spectrometry (GD-TOFMS) for the 
determination of the precious metal concentrations in lead buttons 
obtained by the Pb fire assay method. A set of Pb button standards were 
relied upon to construct calibration curves for quantitative precious metal 
determination. The performance of this calibration method was verified 
by treating one of the standards as a sample. Finally, the figures of merit 
of the GD-TOFMS method developed were calculated and critically 
evaluated. 
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7.2 Experimental 
7.2.1 Instrumentation 
The experimental set-up for the measurements by pulsed rf GD-TOFMS 
includes a radiofrequency glow discharge bay unit in combination with a 
modified Grimm-type GD source and a fast orthogonal time-of-flight 
mass spectrometer, with a microchannel plate (MCP) detector [Hohl, 
2006]. This experimental set-up has been developed within the frame of a 
STREP (Specific Targeted Research Project) European Project (EMDPA 
– “New Elemental and Molecular Depth Profiling Analysis of Advanced 
Materials by Modulated Radio Frequency Glow Discharge Time of Flight 
Mass Spectrometry"). All the experiments of this work were carried out 
using the GD-TOFMS prototype at the University of Oviedo (Spain), 
shown in Figure 7-1. 
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Figure 7-1 GD-TOFMS prototype at the University of Oviedo 
The GD source is a copper-based modified Grimm-type chamber with a 4 
mm diameter anode that includes a 2.5 mm inner diameter flow tube. The 
sample is mounted externally against it and is held in place by a pneumatic 
piston equipped with a refrigerating disk, used to keep the sample at low 
temperature (<5°C). Figure 7-2 shows the sample holder of the GD-
TOFMS instrument used before (A) and after (B) mounting the sample. 
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Figure 7-2 Sample holder of the GD-TOFMS instrument before (A) and 
after (B) mounting the sample. 
sample 
A 
B refrigerating disk 
pneumatic piston anode 
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After sample mounting, the source is evacuated by a dry pump (Triscroll 
300, Varian Inc., USA) in less than a minute while an Ar flow is used to 
achieve the working pressure (about 500 Pa), allowing easy and rapid 
sample switching and thus enabling a high sample throughput. The rf-
generator, operating at 13.56 MHz, can be run either in continuous or in 
pulsed mode. The pulse length or pulse width can be adjusted from less 
than 50 µs up to several milliseconds and the GD duty cycle (i.e. the ratio 
between pulse length and pulse period with the latter defined as the 
duration of one complete cycle) can be optimized depending on the 
application at hand. All measurements were performed under constant 
pressure and constant forward power. High purity argon (99.999% 
minimum purity) from Air Liquide (Oviedo, Spain) was deployed as 
discharge gas. 
The interface couples the plasma source to the orthogonal time-of-flight 
mass spectrometer and includes a sampler cone and a skimmer, with 
apertures of 500 µm and of 1 mm diameter, respectively. 
Complete mass spectra could be recorded with a frequency up to 100 kHz 
using the TOF mass analyzer, which offers an average mass resolving 
power of about 3000. 
The parameters used for analysis are summarized in Table 7-1. 
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Table 7-1 Instrument settings and data acquisition parameters used for 
pulsed rf glow discharge TOFMS analysis of fire assay Pb buttons 
 
GD settings 
GD discharge power 15 W 
Pressure 500 Pa 
Rf pulse width 2000 µs 
Rf pulse period 3993 µs 
TOF settings  
TOF extraction period 33 µs 
TOF acquisition rate ≈30 kHz 
Number of integrated spectra ≥ 1000 
Nuclides monitored  
103Rh, 106Pd, 107Ag, 108Pd, 109Ag, 194Pt, 195Pt, 197Au, 204Pb 
 
 
7.2.2 Standards 
The simple matrix composition of the target samples (≥99% Pb) 
facilitated the production of matrix-matched standards. All lead button 
standards were prepared first by melting carefully weighed amounts of the 
pure precious metals into 1000 g of lead. Next, the lead was granulated, 
followed by a profound checkup of the resulting granules for their 
elemental composition and homogeneity. This examination was carried 
out (almost) completely relying on gravimetric methods, which are highly 
accurate. In the next step, the granules were diluted with pure molten lead 
in order to obtain lead button standards with the concentrations desired. 
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After final homogenization via centrifugal inductive melting, the lead 
buttons obtained were finally analyzed for their target element 
concentrations using spark-OES. Before every GD-TOFMS 
measurement, the sample surface was polished with a polishing machine 
(Wirtz Buehler, Type 60-199) to render it flat and smooth. 
 
7.3 Results and discussion 
7.3.1 Capabilities offered by pulsed rf GD to handle spectral 
interferences 
Operation of a glow discharge plasma in the pulsed mode provides 
particular features not available when operating it in steady-state mode.  
An increased sputter yield and ionization efficiency result in higher ion 
signal intensities, due to the higher instantaneous power that can be 
applied for the same average current when compared to steady state 
sources. As the voltage is only applied during short periods, the sample 
also has the time to cool down between two pulses, thus leading to 
minimal thermal effects on the sample surface [Pan, 1993b]. The major 
benefit however, is situated in the temporal variation that the signal 
profile shows, opening the possibility of discrimination against interfering 
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ions [Klingler, 1990] [Klingler, 1991] [Steiner, 1997]. This temporal 
variation in signal profile is a result of different ionization processes 
occurring during the pulse period. At the beginning of the pulse, when the 
high voltage is applied to the sample, the signals of the discharge gas and 
contaminant gas species show a sharp rise in signal intensity and the 
signals reach a maximum before decaying to a plateau value. During this 
‘pre-peak’, the plasma processes are dominated by electron impact 
ionization of the discharge gas and no physical sputtering of the sample is 
occurring yet. After approximately 300 µs, the plasma reaches a steady 
state, which manifests itself profile as a plateau in the signal, where signal 
contributions from both discharge gas species and sputtered sample 
species are present. The plasma is characterized by constant atomization 
and ionization efficiencies within this temporal plateau region. After a 
short delay upon termination of the voltage applied, the signals for 
sputtered sample species display a sudden increase towards a maximum, 
while the discharge gas ion signal decays rapidly. This decrease in 
discharge gas ion signal is caused by recombination of argon ions with 
thermal electrons, forming metastable argon atoms [King, 1993]. Penning 
ionization is therefore the dominating ionization process during this 
temporal region, indicated as the afterpeak [Pan, 1993a] [Steiner, 1999]. 
Thus, different ionization processes are dominating, depending on the 
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actual phase of the pulse, leading to a different temporal profile for 
discharge and analyte species. 
This latter property can be utilized to deal with the spectral overlap of the 
206Pb2+ and 103Rh+ ion signals. It is important to note that the mass 
resolution offered by the mass spectrometer is not sufficient to fully 
resolve the two signals from one another. During the termination phase 
of each pulse, the GD plasma is dominated by argon metastables. The 
energy provided by these metastable argon atoms (11.55 and 11.62 eV) is 
high enough to efficiently ionize 103Rh (first ionization energy of Rh: 7.46 
eV), but is not sufficient for the generation of Pb2+ ions (second 
ionization energy of Pb: 15.03 eV). In addition to 206Pb2+, the doubly 
charged ions 204Pb2+ and 208Pb2+ are also generated, which can interfere 
with the determination of Pd via 102Pd+ and 104Pd+. In contrast to the 
mono-isotopic Rh, alternative isotopes of Pd can however be selected for 
interference-free analysis. 
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Figure 7-3A A typical pulse profile for Ag, Au, Pt, Pd, Rh and Ar in 
pulsed rf GD-TOFMS. 
 
 
Figure 7-3B The mass spectrum from m/z 102.5 to m/z 104.5 as 
obtained during the 1st and the 2nd afterpeak of the pulse profile. 
CHAPTER 7 – EVALUATION OF PULSED RF GD-TOFMS FOR PRECIOUS METAL DETERMINATION 
IN LEAD FIRE ASSAY BUTTONS  
 
209 
 
 
Figure 7-3C A typical mass spectrum from m/z 101.5 to m/z 111 and 
from m/z 193 to m/z 197.5 during the 2nd afterpeak of the pulse profile. 
An example of ion profiles of Pt, Pd, Rh, Ag, Au and Ar observed during 
a pulsed discharge is presented in Figure 7-3A. It is observed that under 
the operation conditions summarized in Table 7-1, the ion signal profiles 
show a double afterpeak, characterized by an inverse relationship between 
the analyte ion signals and the Ar+ ion signal, similar to those shown in 
the publication by Pisonero et al. [Pisonero, 2003]. The Ar+ ion density 
depends on the instantaneous power input to the discharge [Belenguer, 
2009]. The increase in the Ar+ ion signal intensity during the afterglow 
may be explained by several processes still not completely understood, 
such as ion-electron recombination of Ar2
+ ions and subsequent Ar2 
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dissociation, higher Ar ionization efficiency through collisions with 
electrons of lower energies, and a reduction of the ambipolar diffusion of 
the Ar+ ions towards the walls of the GD chamber. 
The decrease of the 40Ar+ ion signal intensity is mainly due to the 
formation of Ar metastable species that will ionize the analytes through 
Penning ionization, resulting in an increase of the analyte ion signal 
intensities. The influence of the exact sampling moment during the pulse 
profile on the ions observed is also illustrated in Figure 7-3B. The mass 
spectrum from m/z 102.5 to m/z 104.5 is shown in Figure 7-3B for both 
the first and the second afterpeak. It is clear that during the first afterpeak, 
signals from 206Pb2+, 207Pb2+ and 208Pb2+ appear at m/z values of 103, 103.5 
and 104, respectively. None of these signals appear during the second 
afterpeak. By limiting signal integration to the second afterpeak only, Rh 
can be accurately determined without spectral interference from 206Pb2+. 
Figure 7-3C represents a typical mass spectrum from m/z 101.5 to m/z 
111 and from m/z 193 to m/z 197.5 during the 2nd afterpeak of the pulse 
profile, showing all the signals of interest. However, not only the Pb2+-
ions can interfere with the signal of 103Rh+, also the presence of 40Ar63Cu+- 
ions can jeopardize the accurate determination of Rh. The m/z values of 
103Rh+ and 40Ar63Cu+ are 102.90550 and 102.89198, respectively, resulting 
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in a minimum mass resolution of approximately 7600 to separate both 
signals. As the time-of-flight mass spectrometer used is unable to provide 
such a high mass resolution, another approach needs to be considered. 
The origin of the copper, however, plays an important role in the handling 
of this spectral interference. Because the lead buttons analyzed do not 
contain any copper, the ArCu+-ions only originate from the copper anode. 
Therefore, the contribution of the ArCu+-ions to the signal of Rh was 
observed to be fairly constant. The relative standard deviation on the 
intensities of the 40Ar63Cu+ signal for five successive measurements of a 
blank sample is approximately 5%. The occurrence of this spectral 
interference causes a lateral shift of the calibration curve to higher signal 
intensities (additive interference). Not only the signal intensities of the 
calibration standards, but also that of the ‘sample’ are increased to the 
same extent. In theory, this should not affect the accuracy of the 
measurements. In case the contribution from 40Ar63Cu+ would cause a 
problem (e.g., in the case of a very low Rh content) the Cu anode could be 
replaced by one manufactured from another material, or in a less severe 
case, mathematical correction, relying on the monitoring of the 40Ar65Cu+ 
signal, could provide a solution as well. For the other elements of interest, 
one or more interference-free nuclides could be selected for calibration 
and quantification, as mentioned in Table 7-1. 
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7.3.2 Calibration using matrix-matched standards 
External calibration relying on matrix-matched standards was applied for 
quantification. Lead buttons with known concentrations of precious 
metals were measured using the experimental parameters summarized in 
Table 7-1. The total duration of one run was 150 s, from which an interval 
of 100 s (corresponding to ~25,000 pulses) was selected for further data 
processing, after the first 40 s of plasma stabilization. Three replicate 
measurements were performed for every lead button. Lead buttons 
containing Ag, Au, Pt, Pd and Rh with concentrations of 5, 20 and 100 µg 
g-1 were utilized to construct the calibration curves. In previous research 
[Resano, 2006] [Vanhaecke, 2004] [Vanhaecke, 2010], the intensities for 
the elements of interest were normalized to the signal of 204Pb+ to correct 
for variations in sampling rate, sample transport efficiency and plasma 
conditions. Surprisingly, the linearity of the calibration curves for all target 
elements was observed to become slightly worse when using an internal 
standard. The resulting calibration curves all have a regression coefficient 
of >0.9995. Some of them (one per element) are displayed in Figure 7-4. 
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Figure 7-4 Pulsed rf GD-TOFMS calibration curves based on the 
intensities for standard Pb buttons. 
A fourth lead button standard with analyte concentration of 10 µg g-1 was 
treated as a sample and the corresponding concentration values were 
determined. Table 7-2 shows the results thus obtained with their 
corresponding standard deviations. From Table 7-2, it is obvious that for 
all target elements, except for Au, the experimental value agrees within 
5% with the corresponding reference value. 
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Table 7-2 Results achieved for the determination of Ag, Au, Pt, Pd and 
Rh in a 10 µg g-1 lead button by pulsed rf GD-TOFMS. Uncertainties are 
given as the standard deviation. 
nuclide calculated concentration 
103Rh 10.14 ± 0.56 
106Pd 9.27 ± 1.47 
107Ag 9.74 ± 0.42 
108Pd 9.70 ± 0.92 
109Ag 9.84 ± 0.18 
194Pt 9.79 ± 1.89 
195Pt 9.57 ± 0.72 
197Au 8.07 ± 0.71 
 
7.3.3 Limits of detection and precision 
The limits of detection (LOD) for the elements of interest, calculated as 
the concentration equivalent to the intercept of the calibration curve plus 
three times the standard deviation on the slope, are shown in Table 7-3.  
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Table 7-3 Limits of detection (in µg g-1) for the elements of interest in fire 
assay lead buttons and the RSD values (in % ) on the signal intensities 
from three successive measurements of the 100 µg g-1 lead button 
standard. 
nuclide LOD (µg g
-1
) RSD (%) 
103
Rh 0.023 2.9 
106
Pd 0.060 5.3 
107
Ag 0.017 1.1 
108
Pd 0.038 5.7 
109
Ag 0.007 2.6 
194
Pt 0.078 2.7 
195
Pt 0.029 3.3 
197
Au 0.029 1.6 
 
The precision of the technique is illustrated in terms of the relative 
standard deviation (RSD) in % on the signal intensities from three 
successive measurements on three different locations of the 100 µg g-1 
lead button standard (i.e. repeatability). RSD values ranging from 1 to 
~6% are obtained for the determination of the PGMs of interest, Ag and 
Au in fire assay lead buttons, as summarized in Table 7-3. In comparison 
with LA-ICP-MS, where a precision around 10% RSD was obtained 
[Vanhaecke, 2004], pulsed rf GD-TOFMS is providing lower RSD values. 
The higher sampling volume with a glow discharge compared to that with 
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laser ablation can be indicated as the main reason for this difference. 
Whereas the diameter of the laser beam used for the measurements 
reported on in reference 3 and 4 is 120 µm, the crater diameter from the 
glow discharge sputtering is 4000 µm. 
 
7.4 Conclusions 
From the first experiments concerning the determination of Ag, Au, Pt, 
Pd and Rh in lead fire assay buttons via pulsed rf GD-TOFMS, it can be 
concluded that this technique offers the possibility of accurate precious 
metal determination, combined with a high sample throughput and easy-
to-use instrumentation. For all target elements, except for Au, the 
experimental value agrees within 5% with the corresponding reference 
value. The precision of the pulsed rf GD-TOFMS measurements is 
similar to that of spark-OES, which is satisfying. The limits of detection, 
expressed as concentrations in the lead buttons, are in the lower ng g-1 
range (10 – 80 ng g-1), proving the applicability of the proposed technique 
for the analysis of the target samples (recyclable materials as electronic 
scrap, automotive catalysts, …) as well as of lower concentrated samples 
(e.g., platiniferous ores). Furthermore, the time-resolved separation of the 
Rh+ and the Pb2+-ions over the pulse profile offers a successful way to 
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avoid spectral interference. However, further research is necessary to 
investigate the accuracy of precious metal determination in lead buttons 
obtained from real samples. The presence of a substantial amount of Cu 
in Pb buttons obtained from real-life samples could constitute an 
additional problem because of the formation of more intense 40Ar63Cu+ 
ions, thus jeopardizing accurate Rh determination. One strategy that could 
be investigated in this case, is the use of a mathematical inter-element 
correction, relying on the fact that the signal intensities of the two ArCu+ 
species reflect the isotopic composition of Cu. 
Pulsed rf GD-TOFMS can be an alternative for SS-OES for the analysis 
of metallic samples in the context of industrial applications, because of its 
ease-of-use in terms of sample mounting and changing, high detection 
capability, good accuracy and precision. However, the instrumental set-up 
that was used in this research is only a prototype and a suitable software 
program needs to be developed for data handling, before implementing 
this technique in routine analysis. Moreover, additional research is 
necessary to evaluate pulsed rf GD-TOFMS for the analysis of a wider 
range of sample materials in industrial contexts. 
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Due to their remarkable chemical and physical properties, the precious 
metals (the platinum group metals plus silver and gold) have become 
indispensible for many industrial, medical, electronic and other 
applications. Their rare occurrence and high price have led to the 
necessity to recycle these metals from a wide range of industrial 
intermediate materials and scrap from electronic or catalytic applications. 
As a result, analytical methods that allow fast, accurate and precise 
determination of precious metals in these recyclable materials are highly 
required. Because of the low precious metal content of most of the 
materials to be analyzed and in order to overcome the influence of matrix 
components and sample heterogeneity, lead fire assay, whereby the 
precious metals are extracted into molten lead, can be used as a first 
sample preparation step. After cooling down, the resulting lead button can 
be analyzed by a solid sampling technique, reducing the analysis time and 
avoiding the risk of analyte losses and contamination compared to the 
more traditional wet-chemical treatment and analysis.  
Solid sampling techniques are increasingly employed for direct analysis of 
a wide range of materials and they are gradually incorporated into routine 
procedures, e.g., spark-OES, that has already been used for several 
industrial applications involving solid sample analysis. This evolution will 
only be continued owing to the broad applicability and easy-of-use of 
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solid sampling and more research, thereby extending its application field, 
is consequently of crucial significance.  
Several solid sampling techniques have previously been applied to the 
determination of precious metals in fire assay lead buttons, with spark-
OES the most commonly used, however, each of these approaches has its 
limitations. The aim of this work was therefore to further explore the field 
of solid sampling techniques, to test and evaluate some alternative 
instrumental set-ups and to compare the capabilities and limitations of 
novel approaches to those of the existing procedures. 
After providing some general information on the precious metals 
(Chapter 2) and solid sampling techniques suited for the analysis of 
metallic samples (Chapter 3), a first experimental chapter (Chapter 4) 
describes a method to evaluate the precious metal distribution in fire assay 
lead buttons by means of laser ablation - ICP - mass spectrometry (LA-
ICP-MS). It is important to be aware of micro-heterogeneities on the 
sample surface analyzed, as they have a considerable influence on the 
results obtained using LA for solid sampling. The method developed for 
the examination of the precious metal distribution provided elemental 
maps of different cross sections of each lead button under investigation. 
The signal of 204Pb was used for internal standardization and this strategy 
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was demonstrated to be valuable in correcting for signal instabilities 
caused during ablation and transport of the ablated material to the ICP. 
Nevertheless, despite the internal standardization, some cross sections 
show an elemental distribution that is corresponding to the morphology 
of the surface, resulting from mechanical treatment of the samples. This 
feature was especially observed for Pd, to a lesser extent for Rh and 
occasionally for Pt. Apparently, the mechanical treatment influences the 
elemental distribution of the sample surface, however, not for every 
element (to the same extent). Finally, additional treatment of the lead 
buttons by inductive melting and centrifugal casting was not observed to 
exert an important influence in terms of homogeneity. 
Chapter 5 reports on an evaluation of the application of isotope dilution 
(for Pt, Pd and Ag) and single standard addition and internal 
standardization (for the mono-isotopic elements Au and Rh) in the 
analysis of lead buttons obtained by fire assay using LA-ICP-MS as an 
attempt to improve and evaluate the ultimate accuracy and precision of 
the analytical method. For this purpose, a lead button containing precious 
metals with an altered isotopic composition was prepared and 
subsequently subjected to treatment by inductive melting and centrifugal 
casting to enhance the homogeneity of the lead buttons. In contrast to 
what could be expected on the basis of the results described in Chapter 4, 
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a marked improvement of the homogeneity in terms of isotope ratios was 
obtained upon additional inductive melting. In a next step, appropriate 
portions of this spike button were melted together with an adequate 
amount of every sample (lead button) to be analyzed and the resulting 
‘blend’ lead buttons were then analyzed using either isotope dilution or 
single standard addition/internal standardization for quantification. Also 
external calibration versus matrix-matched lead standards was performed 
to determine the precious metal concentrations in the same samples, thus 
allowing comparison of the figures of merit with those of the combined 
isotope dilution and standard addition/internal standardization approach. 
Isotope dilution was shown to provide results for the determination of Pt, 
Pd, and Ag in lead buttons that are more accurate (average deviation 
between ID result and reference value of < 2%) than those obtained by 
external calibration (average deviation between experimental result and 
reference value ≈ 8%). For the mono-isotopic elements Au and Rh, 
determined via single standard addition and internal standardization, no 
significant difference was observed between the results provided by the 
three methods investigated. In the context described, isotope dilution can 
hardly be considered applicable to routine analysis. However, (i) it 
provides a benchmark to which results obtained via external calibration 
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can be compared to and (ii) it can be deployed for obtaining reference 
values. 
The next chapter (Chapter 6) focuses on the determination of Pd, Pt and 
Rh in lead buttons obtained via fire assay using LA - ICP - optical 
emission spectrometry (LA-ICP-OES). A 266 nm Nd:YAG-based laser 
ablation unit offering a maximum laser beam diameter of 780 µm was 
coupled to an ICP-OES instrument permitting simultaneous monitoring 
of the entire spectrum. Matrix-matched standards were applied for the 
construction of calibration curves, which were subsequently relied upon 
for quantification of the precious metal contents in some real-life samples. 
Three different acquisition methods were compared and transient signal 
collection in combination with single-spot ablation was shown to be best 
suited for this purpose in terms of linearity, accuracy and detection power. 
The regression coefficients of the calibration curves were ≥ 0.9995, while 
75% of the experimental results were within 5% of the corresponding 
reference value for the real-life samples analyzed, Pb buttons prepared by 
fire assay of automotive exhaust catalyst. Limits of detection vary between 
2.5 and 8 µg g-1 and the method precision was shown to be better than 4% 
RSD. Although the detection power might not be sufficient to tackle all 
kinds of samples, LA-ICP-OES is a promising solid sampling technique 
for direct analysis of samples with higher analyte concentrations. 
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A last experimental chapter (Chapter 7) reports on an exploration of the 
capabilities and limitations of pulsed radiofrequency glow discharge time-
of-flight mass spectrometry (GD-TOFMS) for the determination of the 
precious metals Ag, Au, Pd, Pt and Rh in lead buttons obtained by Pb fire 
assay. The interference of doubly charged Pb (Pb2+) ions on the signal of 
Rh was counteracted by relying on the time-resolved formation of 
different ion types over the pulse period of the glow discharge. The 
method developed was evaluated in terms of accuracy and precision using 
a set of Pb button standards with analyte concentrations between 5 and 
100 µg g-1. For the purpose of validation, a 10 µg g-1 standard was 
considered as a sample. Overall, an acceptable accuracy was obtained with 
a bias of < 5% between the experimental results and the corresponding 
reference value, except for Au, for which a larger deviation occurred. A 
precision (repeatability) of typically < 5% relative standard deviation 
(RSD) (for N = 3) was obtained and the limits of detection (LODs) vary 
from ~0.020 µg g-1 for Ag to ~0.080 µg g-1 for Pt. Pulsed rf GD-TOFMS 
is demonstrated to be feasible for the analysis of the samples considered 
in this study. Further research is however necessary to investigate the 
accuracy for precious metal determination in lead buttons obtained from 
real samples. 
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As a final conclusion of this work, it can be stated that the choice of an 
appropriate solid sampling technique is depending on the requirements of 
the analysis, in terms of, e.g., sample throughput, detection power, 
precision, etc. Several solid sampling methods have been applied and 
evaluated in this work and each approach is characterized by its 
advantages, but also its limitations. It is therefore of high importance to 
have as much information as possible on the samples to be analyzed (e.g., 
analyte concentrations to be expected, homogeneity, matrix composition) 
in order to (i) select the most suitable analysis technique and (ii) to assure 
a correct interpretation of the results obtained. An overview of the figures 
of merit of the novel solid sampling approaches applied in this work for 
the determination of precious metals in fire assay lead buttons is given in 
the table below. 
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  LA-ICP-ID-MS LA-ICP-OES GD-TOFMS 
Elements Pd, Pt, Ag Pd, Pt, Rh Pd, Pt, Rh, Au, Ag 
Accuracy                  
(% deviation) 
≤  2% ≤  5% ≤ 5%  
Precision                  
(% RSD) 
≤  2% ≤  4% ≤ 5% 
Regression coeff.                    n/a ≥ 0.9995 ≥ 0.9995 
Limit of 
detection 0.02 - 0.04 µg g
-1
 (a)
 2.5 - 8 µg g-1 0.02 - 0.08 µg g-1  
(a)
Resano et al., Journal of Analytical Atomic Spectrometry, 2006, 21, 899. 
In terms of accuracy, precision and detection limits, LA-ICP-ID-MS is 
clearly performing better than the other two approaches investigated. 
However, this time-consuming, labor-intensive and expensive 
quantification approach is hardly applicable for industrial routine 
applications. LA-ICP-OES and pulsed rf GD-TOFMS are comparable in 
terms of accuracy and precision, but the latter approach has a higher 
detection capability. On the other hand, GD is consuming a higher 
amount of sample/standard, as a result of which matrix-matched 
standards have to be prepared more frequently, as is also the case for 
spark source techniques. Some deposition of Pb inside the ablation cell 
and the transfer tubing was noticed during the analysis of lead buttons by 
laser ablation techniques, making cleaning of the cell or replacement of 
SUMMARY AND CONCLUSIONS 
 
231 
 
the tubes necessary to avoid memory effects, but in no instance more 
persistent memory effects originating from the Pb matrix were noticed.  
Nowadays, spark-OES is generally used for the analysis of metallic 
samples in the context of industrial applications. For the determination of 
precious metals in Pb buttons, detection limits between 0.2 and 1 µg g-1 
are attainable using spark-OES for their direct analysis. There is a factor 
of 10 difference compared to the limits of detection attainable via LA-
ICP-OES of similar samples, which is a result of the larger crater diameter 
introduced by a spark (± 5 mm) compared to the one after laser ablation 
(0.78 mm), resulting in a higher sample consumption per analysis. The 
detection limits attainable using pulsed rf GD-TOFMS are a factor of 10 
better compared to spark-OES for the determination of precious metals 
in lead buttons. The accuracy of spark-OES results is slightly better than 
that of LA-ICP-OES and pulsed rf GD-TOFMS (accuracy within ± 3% 
for spark-OES compared to within ± 5% for LA-ICP-OES and pulsed rf 
GD-TOFMS of similar samples). The precision of spark-OES 
measurements is equal to or better than that of pulsed rf GD-TOFMS 
and LA-ICP-OES measurements, depending on the ICP-OES acquisition 
mode selected. Spark-OES and pulsed rf GD-TOFMS are less sensitive to 
micro-heterogeneities of the sample surface, because of their larger crater 
size. However, the high sample consumption of a spark source and a GD 
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source implies that matrix-matched standards have to be prepared often, 
while with laser ablation, the same standard can be used many times. 
Moreover, spark-OES and GD-TOFMS are not able to provide spatially 
resolved information, notwithstanding the fact that this information is 
mostly not requested for most industrial applications. Finally, ICP-OES is 
also a much more versatile technique. 
Overall, it seems that SS-OES is still the most suitable technique to use 
for routine metal analysis in industrial contexts, however, alternative solid 
sampling techniques are now also available.  
  
 
 
 
 
Samenvatting en besluit
SAMENVATTING EN BESLUIT 
 
235 
 
Door hun opmerkelijke chemische en fysische eigenschappen zijn de 
edelmetalen (de platina groep metalen plus zilver en goud) onmisbaar 
geworden voor vele industriële, medische, elektronische en andere 
toepassingen. Hun zeldzame voorkomen en hoge prijs hebben 
bijgedragen tot de noodzaak om deze metalen te recycleren uit 
verschillende industriële tussenproducten, elektronisch schroot en 
gebruikte katalytische materialen. Bijgevolg is er een grote vraag naar 
analytische methodes die in staat zijn om de edelmetaalgehaltes in deze te 
recycleren materialen op een snelle, accurate en precieze manier te 
bepalen. Door de lage concentraties aan edelmetalen in de te analyseren 
monsters en om de invloed van matrixcomponenten en 
monsterheterogeniteit te vermijden, wordt lood fire assay, waarbij de 
edelmetalen geëxtraheerd worden in gesmolten lood, als een eerste stap in 
de monstervoorbehandeling aangewend. Na afkoeling kan de resulterende 
loodschijf geanalyseerd worden als vast materiaal aan de hand van een 
geschikte analysetechniek, waardoor de analysetijd aanzienlijk verkort en 
het risico op analietverliezen en contaminatie vermeden wordt in 
vergelijking met de meer traditionele natchemische behandeling en 
analyse. 
Analysetechnieken geschikt voor vaste monsters worden meer en meer 
aangewend voor directe analyse van een breed gamma aan materialen en 
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worden geleidelijk aan ook ingezet bij routineprocedures, bvb., vonk-
OES, dat reeds wordt gebruikt voor verschillende industriële toepassingen 
met vaste monsteranalyse. Deze evolutie zal enkel worden verder gezet 
door de brede toepasbaarheid en het gebruiksgemak van vaste 
bemonsteringstechnieken. Verder onderzoek naar deze technieken, 
waarbij het toepassingsdomein enkel zal worden uitgebreid, is daarvoor 
van cruciaal belang. 
Verschillende analysetechnieken voor  vaste monsters werden reeds 
toegepast voor de bepaling van edele metalen in fire assay loodschijven, 
met vonk-OES als meest gebruikte. Elk van deze analysetechnieken heeft 
echter ook beperkingen. Daarom werd in dit werk beoogd om het gebied 
van de analysetechnieken voor vaste monsters verder te verkennen, 
alternatieve instrumentele opstellingen te testen en te evalueren en 
bestaande procedures te optimaliseren. 
Na theoretische beschouwingen over de edelmetalen (Hoofdstuk 2) en 
analysetechnieken voor de directe (solid sampling) analyse van metallische 
monsters (Hoofdstuk 3), beschrijft een eerste experimenteel hoofdstuk 
(Hoofdstuk 4) een methode om de verdeling van de edele metalen in een 
fire assay loodschijf na te gaan aan de hand van laser ablatie - inductief 
gekoppeld plasma - massaspectrometrie (LA-ICP-MS). Het is namelijk 
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belangrijk om zich bewust te zijn van het voorkomen van micro-
heterogeniteiten op het geanalyseerde monsteroppervlak, aangezien deze 
een beduidende invloed hebben op de resultaten bekomen via LA 
bemonstering. De ontwikkelde methode voor het nagaan van de 
edelmetalenverdeling resulteerde in een grafische voorstelling van de 
ruimtelijke verdeling van elk element over de verschillende doorsneden 
van elke onderzochte loodschijf. Het signaal van 204Pb werd hierbij 
gebruikt voor interne normalisatie, een geschikte methode om te 
corrigeren voor signaalinstabiliteit veroorzaakt tijdens de ablatie en het 
transport van het geableerde materiaal naar het plasma. Ondanks deze 
interne normalisatie vertoonden sommige doorsneden toch een 
elementverdeling die gerelateerd bleek met het reliëf van het 
monsteroppervlak, veroorzaakt door mechanische behandeling van de 
monsters. Dit werd vooral opgemerkt voor Pd, in mindere mate voor Rh 
en uitzonderlijk voor Pt. Blijkbaar heeft de mechanische behandeling een 
invloed op de elementverdeling van het monsteroppervlak, hoewel niet 
voor elk element (in dezelfde mate). Tenslotte kon geen echte verbetering 
worden aangetoond inzake homogeniteit door de loodschijven aan een 
extra inductieve smelting en centrifugaal gieten te onderwerpen. 
Hoofdstuk 5 biedt een evaluatie van de toepassing van 
isotopenverdunning (voor Pt, Pd en Ag) en enkelvoudige standaardadditie 
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en interne standaardisatie (voor de mono-isotopische elementen Au en 
Rh) voor de analyse van loodschijven verkregen via fire assay met LA-
ICP-MS, als poging tot verbetering en nagaan van de ultieme accuratesse 
en precisie bereikbaar met LA-ICP-MS. In een eerste stap werd een 
loodschijf aangemaakt die edelmetalen bevat met een gewijzigde 
isotopische samenstelling. Deze loodschijf werd vervolgens onderworpen 
aan inductieve smelting en centrifugaal gieten om zijn homogeniteit te 
verbeteren. Een merkbare verbetering in homogeniteit van de 
isotopenverhoudingen werd waargenomen na deze extra smelting, in 
tegenstelling tot wat zou verwacht worden op basis van de resultaten 
beschreven  in het vorige hoofdstuk. In een volgende stap werden 
geschikte hoeveelheden van deze spike loodschijf samengesmolten met 
gepaste hoeveelheden van elk te analyseren monster (loodschijf) en de 
resulterende ‘gemengde’ loodschijven werden geanalyseerd via 
isotopenverdunning of via standaardadditie en interne standaardisatie 
voor kwantificering. Ook externe kalibratie aan de hand van 
loodstandaarden werd gebruikt voor de bepaling van de 
edelmetaalconcentraties in dezelfde monsters, om zo een vergelijking met 
de resultaten bekomen via isotopenverdunning en 
standaardadditie/interne standaardisatie mogelijk te maken. De resultaten 
bekomen via isotopenverdunning zijn meer accuraat (gemiddelde 
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afwijking tussen het resultaat en de overeenkomstige referentiewaarde was 
< 2%) dan deze bekomen via externe kalibratie (gemiddelde afwijking 
tussen het resultaat en de overeenkomstige referentiewaarde ≈ 8%). Voor 
de mono-isotopische elementen Au en Rh, bepaald via enkelvoudige 
standaardadditie en interne standaardisatie, werd geen significant verschil 
vastgesteld van de resultaten bekomen via de drie onderzochte methodes. 
In de context van deze studie kan isotopendilutie nauwelijks beschouwd 
worden als toepasbaar voor routine analyse. Desalniettemin kan het 
gebruikt worden (i) om een vergelijkingscriterium te bieden voor 
resultaten bekomen via externe kalibratie of (ii) om referentiewaarden te 
verkrijgen. 
Het volgende hoofdstuk (Hoofdstuk 6) focusseert op de bepaling van Pd, 
Pt en Rh in loodschijven verkregen via fire assay met behulp van LA - 
ICP - optische emissie spectrometrie (LA-ICP-OES). Een 266 nm 
Nd:YAG laser ablatie eenheid, met een laserbundel met een diameter van 
maximaal 780 µm, werd daarvoor gekoppeld aan een ICP-OES toestel dat 
in staat is tot simultane registratie van het gehele spectrum. Aan de hand 
van loodstandaarden werden kalibratiecurves opgesteld voor elk van de te 
analyseren elementen, die vervolgens gebruikt werden voor de 
kwantificering van de edelmetaalgehaltes in enkele real-life monsters. Drie 
verschillende methodes voor dataverwerving werden met elkaar 
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vergeleken en transiënte signaalregistratie in combinatie met spot ablatie 
werd het meest geschikt bevonden inzake lineariteit, accuratesse en 
detectievermogen. De regressiecoëfficiënten van de bekomen 
kalibratiecurves waren ≥ 0.9995, terwijl 75% van de experimenteel 
bepaalde concentraties in de geanalyseerde monsters < 5% afweken van 
de overeenkomstige referentiewaarde. Detectielimieten variërend tussen 
2.5 en 8 µg g-1 werden verkregen en de precisie van de methode was beter 
dan 4% RSD. Hoewel het detectievermogen van de gebruikte configuratie 
misschien niet voldoende is om alle types monsters te analyseren, kan LA-
ICP-OES toch beschouwd worden als een veelbelovende techniek voor 
directe analyse van monsters met hogere analietconcentraties. 
Een laatste experimenteel hoofdstuk (Hoofdstuk 7) beschrijft een 
verkenning van de mogelijkheden en beperkingen van gepulste 
radiofrequente glimontlading - vluchttijd massaspectrometrie (GD-
TOFMS) voor de bepaling van de edelmetalen Ag, Au, Pd, Pt en Rh in 
loodschijven verkregen via fire assay. De interferentie van de dubbel 
geladen Pb (Pb2+) ionen op het signaal van Rh werd vermeden door 
gebruik te maken van de tijdsafhankelijke wijziging in het type ionen dat 
wordt geproduceerd gedurende één puls van de glimontlading. De 
accuratesse en precisie van de ontwikkelde methode werd geëvalueerd 
door gebruik te maken van een set loodstandaarden met 
SAMENVATTING EN BESLUIT 
 
241 
 
analietconcentraties tussen 5 en 100 µg g-1. Voor validatiedoeleinden werd 
een 10 µg g-1 standaard beschouwd als monster. Een aanvaardbare 
accuratesse werd bekomen, met een afwijking van < 5% tussen het 
experimenteel resultaat en de overeenkomstige referentiewaarde, behalve 
voor Au, waarvoor een grote afwijking werd vastgesteld. Een precisie 
(herhaalbaarheid) van typisch < 5% relatieve standaarddeviatie (RSD) 
(voor N = 3) werd verkregen en de detectielimieten variëren van ~0.020 
µg g-1 voor Ag tot ~0.080 µg g-1 voor Pt. Gepulste radiofrequente GD-
TOFMS kan dus geschikt bevonden worden voor de hier geanalyseerde 
monsters, echter, verder onderzoek naar de accuratesse van de methode is 
noodzakelijk, waarbij de validatie gebeurt aan de hand van echte monsters. 
Als finaal besluit kan gesteld worden dat de keuze van de meest geschikte 
analysetechniek afhankelijk is van de noden van de analyse, in termen van 
bvb., analysesnelheid, detectievermogen, precisie, enz. Verscheidene 
analysetechnieken voor vaste monsters werden in dit werk toegepast en 
geëvalueerd, en elke techniek wordt gekenmerkt door voordelen, maar 
ook beperkingen. Het is daarom belangrijk om zo veel mogelijk informatie 
over de te analyseren stalen op voorhand te verzamelen (bvb., verwachte 
analietconcentraties, homogeniteit, matrixsamenstelling) om zo (i) de 
meest geschikte analysetechniek te kunnen selecteren en (ii) om een 
correcte interpretatie uit te voeren van de bekomen resultaten.  
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Onderstaande tabel geeft een overzicht van de karakteristieken van de in 
dit werk onderzochte analysetechnieken voor de bepaling van edelmetalen 
in fire assay loodschijven. 
 
 
LA-ICP-ID-MS LA-ICP-OES GD-TOFMS 
Bestudeerde 
elementen 
Pd, Pt, Ag Pd, Pt, Rh Pd, Pt, Rh, Au, Ag 
Accuratesse                  
(% afwijking) 
≤  2% ≤  5% ≤ 5% 
Precisie           
(% RSD) 
≤  2% ≤  4% ≤ 5% 
Regressie coëff.                    n.v.t. ≥ 0.9995 ≥ 0.9995 
Detectielimiet 0.02 – 0.04 µg g-1 
(a)
 2.5 - 8 µg g-1 0.02 - 0.08 µg g-1 
(a)
Resano et al., Journal of Analytical Atomic Spectrometry, 2006, 21, 899. 
 
De accuratesse, precisie en detectielimieten van LA-ICP-ID-MS is 
duidelijk beter dan die van de andere twee onderzochte technieken. Toch 
is deze tijdrovende, arbeidsintensieve en dure kwantificeringsmethode 
nauwelijks toepasbaar voor industriële routine toepassingen. LA-ICP-OES 
en gepulste rf GD-TOFMS worden gekenmerkt door een vergelijkbare 
accuratesse en precisie, echter, deze laatstgenoemde techniek beschikt 
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over een hogere detectiecapaciteit. Aan de ander kant consumeert GD een 
grotere hoeveelheid monster/standaard, waardoor de matrix-matched 
standaarden frequenter moeten worden aangemaakt, zoals bij vonkenbron 
analysetechnieken. Een lichte afzetting van lood binnenin de ablatiecel en 
de transportbuisjes werd opgemerkt tijdens de analyse van loodschijven 
met laser ablatietechnieken, waardoor reiniging van de ablatiecel of 
vervanging van de transportbuisjes nodig kunnen zijn om 
geheugeneffecten te vermijden, maar in geen enkel geval werden blijvende 
geheugeneffecten veroorzaakt door de loodmatrix opgemerkt. 
Vandaag de dag wordt vonk-OES gebruikt voor de analyse van 
metallische monsters in een industriële context. Voor de bepaling van 
edelmetalen in loodschijven werden detectielimieten bekomen tussen 0.2 
en 1 µg g-1 via vonk-OES. Dit is een factor 10 beter dan de 
detectielimieten bekomen via LA-ICP-OES analyse van gelijkaardige 
monsters. De grotere diameter van kraters aangebracht door een 
vonkenbron (± 5 mm) in vergelijking met die van laser ablatie kraters (± 
0.78 mm voor LA-ICP-OES) zorgt voor een grotere monsterconsumptie, 
waardoor lagere detectielimieten bekomen worden. De haalbare 
detectielimieten via gepulste rf GD-TOFMS zijn een factor 10 beter in 
vergelijking met vonk-OES voor de bepaling van edelmetalen in 
loodschijven. De accuratesse van vonk-OES is lichtjes beter dan die van 
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LA-ICP-OES en gepulste rf GD-TOFMS (accuratesse binnen ± 3% voor 
vonk-OES in vergelijking met binnen ± 5% voor LA-ICP-OES en 
gepulste rf GD-TOFMS voor gelijkaardige monsters). De precisie van 
vonk-OES is gelijk aan of beter dan die van gepulste rf GD-TOFMS en 
LA-ICP-OES, afhankelijk van de geselecteerde integratieprocedure van 
het ICP-OES toestel. Vonk-OES en gepulste rf GD-TOFMS zijn minder 
gevoelig voor micro-heterogeniteiten van het geanalyseerde oppervlak, 
door hun groter kraterdiameter. De hogere monsterconsumptie van een 
vonkenbron en GD zorgt er echter wel voor dat het aanmaken van 
nieuwe standaarden frequenter moet gebeuren, terwijl bij laser ablatie 
dezelfde standaard talloze keren kan worden gebruikt. Bovendien zijn 
vonk-OES en GD-TOFMS niet in staat om ruimtelijk geresolveerde 
informatie te verzamelen over het monsteroppervlak, hoewel deze 
informatie meestal niet van belang is bij industriële toepassingen. Tot slot 
kan worden gezegd dat ICP-OES een meer veelzijdige techniek is in 
vergelijking met vonk-OES. 
Globaal blijkt dus dat vonk-OES nog altijd de meest geschikte techniek is 
voor routine metaalanalyse in een industriële context, echter, alternatieve 
analysetechnieken voor vaste monsters zijn nu ook beschikbaar. 
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This appendix contains the maps obtained after analysis of the cross-
sections considered of the samples B, C and D (cf. Chapter 4, section 
4.2.1). More information concerning the samples, their analysis and data 
treatment procedure is given in Chapter 4. 
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A. Sample B 
Non-induced lead button (B-NIN) 
 
Figure A-1 (204Pb-normalized) distribution of 103Rh over the cross-
sections of a non-induced lead button from sample B. The values shown 
are relative to the average for the four cross-sections. 
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Figure A-2 (204Pb-normalized) distribution of 106Pd over the cross-
sections of a non-induced lead button from sample B. The values shown 
are relative to the average for the four cross-sections. 
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Figure A-3 (204Pb-normalized) distribution of 109Ag over the cross-
sections of a non-induced lead button from sample B. The values shown 
are relative to the average for the four cross-sections. 
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Figure A-4 (204Pb-normalized) distribution of 194Pt over the cross-sections 
of a non-induced lead button from sample B. The values shown are 
relative to the average for the four cross-sections. 
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Figure A-5 (204Pb-normalized) distribution of 197Au over the cross-
sections of a non-induced lead button from sample B. The values shown 
are relative to the average for the four cross-sections. 
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Induced lead button (B-IN) 
 
Figure A-6 (204Pb-normalized) distribution of 103Rh over the cross-
sections of an induced lead button from sample B. The values shown are 
relative to the average for the four cross-sections. 
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Figure A-7 (204Pb-normalized) distribution of 106Pd over the cross-
sections of an induced lead button from sample B. The values shown are 
relative to the average for the four cross-sections. 
APPENDIX 
 
257 
 
 
Figure A-8 (204Pb-normalized) distribution of 109Ag over the cross-
sections of an induced lead button from sample B. The values shown are 
relative to the average for the four cross-sections. 
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Figure A-9 (204Pb-normalized) distribution of 194Pt over the cross-sections 
of an induced lead button from sample B. The values shown are relative 
to the average for the four cross-sections. 
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Figure A-10 (204Pb-normalized) distribution of 197Au over the cross-
sections of an induced lead button from sample B. The values shown are 
relative to the average for the four cross-sections. 
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B. Sample C 
Non-induced lead button (C-NIN) 
 
Figure B-1 (204Pb-normalized) distribution of 103Rh over the cross-
sections of a non-induced lead button from sample C. The values shown 
are relative to the average for the four cross-sections. 
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Figure B-2 (204Pb-normalized) distribution of 106Pd over the cross-
sections of a non-induced lead button from sample C. The values shown 
are relative to the average for the four cross-sections. 
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Figure B-3 (204Pb-normalized) distribution of 194Pt over the cross-sections 
of a non-induced lead button from sample C. The values shown are 
relative to the average for the four cross-sections. 
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Induced lead button (C-IN) 
 
Figure B-4 (204Pb-normalized) distribution of 103Rh over the cross-
sections of an induced lead button from sample C. The values shown are 
relative to the average for the four cross-sections. 
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Figure B-5 (204Pb-normalized) distribution of 106Pd over the cross-
sections of an induced lead button from sample C. The values shown are 
relative to the average for the four cross-sections. 
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Figure B-6 (204Pb-normalized) distribution of 194Pt over the cross-sections 
of an induced lead button from sample C. The values shown are relative 
to the average for the four cross-sections. 
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C. Sample D 
Non-induced lead button (D-NIN) 
 
Figure C-1 (204Pb-normalized) distribution of 103Rh over the cross-
sections of a non-induced lead button from sample D. The values shown 
are relative to the average for the four cross-sections. 
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Figure C-2 (204Pb-normalized) distribution of 106Pd over the cross-
sections of a non-induced lead button from sample D. The values shown 
are relative to the average for the four cross-sections. 
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Figure C-3 (204Pb-normalized) distribution of 194Pt over the cross-sections 
of a non-induced lead button from sample D. The values shown are 
relative to the average for the four cross-sections. 
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Induced lead button (D-IN) 
 
Figure C-4 (204Pb-normalized) distribution of 103Rh over the cross-
sections of an induced lead button from sample D. The values shown are 
relative to the average for the four cross-sections. 
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Figure C-5 (204Pb-normalized) distribution of 106Pd over the cross-
sections of an induced lead button from sample D. The values shown are 
relative to the average for the four cross-sections. 
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Figure C-6 (204Pb-normalized) distribution of 194Pt over the cross-sections 
of an induced lead button from sample D. The values shown are relative 
to the average for the four cross-sections. 
